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Foreword 








Modern electronic technology is largely based on MOS integrated circuits containing both 
analog and digital parts. In designing such circuits with high performance, a correct MOS 
transistor model is a must. The designer needs a model he or she can rely on, which correctly 
describes the numerous physical phenomena in MOS transistors, allowing the performance of 
a circuit composed of such devices to be predicted with accuracy during circuit simulation. In 
addition, for preliminary “hand” analysis and design, it is desirable to have a simple model 
that makes evident the inter-relations between the various parameters, and allows the designer 
to correctly identify the trade-offs involved. The EKV approach to MOS transistor modeling 
combines both of these attributes. 

The EKV model is the result of a large body of work by Drs C. C. Enz, F. Krummenacher, 
and E. A. Vittoz, and several of their students and colleagues. The work has its origins in the 
pioneering work at CEH (now CSEM), on micropower devices and circuits for watches in the 
late sixties. This has given the EKV model development a unique aspect: it originated with 
highly competent circuit designers, notably analog ones, and was developed by them, or at 
least with constant feedback from them, every step of the way. Thus, it not only describes 
the physics of the MOS transistor, but takes into account carefully what circuit designers 
need. The result is a model that is accurate and predictive, correctly treats the MOSFET as a 
four-terminal, nominally symmetric device, has smooth behavior without discontinuities in all 
regions of operation, and correctly predicts small-signal parameters. In addition, the basic part 
of the model consists of a simple set of equations that are intuitively appealing, which makes 
it possible for the circuit designer to have a feel for the model and its parameters, rather than 
treating the model simply as a black box in which no designer dares to tread. This helps make 
circuit design a systematic process, and less a cut-and-try approach. 

Drs. Enz and Vittoz, well-known for their contributions to MOS devices and circuits, have 
done a great job putting together a streamlined presentation of the EKV model. The book 
covers every aspect of the model, from DC large-signal I-V equations, to charge modeling, 
nonquasi-static effects, small-signal modeling, noise, small-channel effects, and matching. I 
have followed the work of the authors and their colleagues for many years with appreciation, 
and I am delighted to see their results presented in this unified manner. This book will help 
spread the understanding and use of the EKV model, as the latter certainly deserves. 


PROF. Y. TSIVIDIS 
Columbia University, New-York 


Preface 








The aggressive downscaling of CMOS technologies that has been going on for more than 
25 years has led to an increase in the number of transistors per chip and hence extend the 
functionality while at the same time dramatically pushing the speed performance. Although 
these tremendous speed improvements have been mainly driven by the requirements of VLSI 
digital chips, they have also been exploited for analog and RF circuits. Today, ultra deep- 
submicron (UDSM) technologies have caught up and even surpassed the transit frequencies 
achieved by bipolar transistors. This has clearly opened the door to full CMOS highly integrated 
solutions for wireless applications. Of course, in addition to high transit frequency, good noise 
performance and low-power consumption are required as well. Since the noise figure also 
decreases as the transit frequency is increased, it has also clearly taken advantage of the 
downscaling of the transistor length. At the same time, the supply voltage has had to be 
decreased progressively in order to limit high electric fields within the device and hence avoid 
the related high-field effects. The threshold voltage could unfortunately not be scaled in the 
same proportion without strongly increasing the drain leakage current, which is now seriously 
affecting the static power consumption of digital chips. This has resulted in a decrease of the 
overdrive voltage which in turn has moved the operating points of analog transistors more 
and more from strong inversion to moderate inversion and even into weak inversion. From 
this perspective, it is important to have a model that accurately predicts the behavior of the 
MOS transistor in all regions of operation, from weak to strong inversion, through moderate 
inversion, in a consistent way. This was the primary motivation for developing what today is 
known as the EKV model. 

The purpose of this book is to assemble and explain in a coherent manner all the know-how 
and all the publications related to the particular MOS transistor modeling approach embodied 
by the EKV model. This model borrows from the work of a long line of researchers, starting 
in the early times of semiconductor physics. It has its roots in the search of early designers of 
very low-power and low-voltage integrated circuits for a description of the transistor behavior 
fulfilling their specific needs. This book focuses on this particular line of research, with no 
intention to present all alternative ways of modeling the transistor. Being written by analog 
circuit designers, it is clearly design-oriented with the purpose of describing the transistor as 
the basic component of integrated circuits, rather than the result of a sequence of physical 
processing steps. It gives to emphasis highlighting the properties of the device that can be used 
by designers to build new robust circuits, or to understand existing circuits and assess their 
robustness. The book is organized in three hierarchically structured parts. It firstly describes 
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the basic behavior of the generic MOS transistor, then focuses on additional effects essentially 
due to scaling down the device dimensions, and finally discusses the transistors to be used in 
RE circuits. 

Based on the charge in the channel, the EKV model describes in a continuous manner the 
static, dynamic and noise characteristics of the transistor down to very low current levels. The 
basic model requires a very limited set of parameters, all of them directly related to basic 
independent physical parameters. Intended for analog designers, it conserves the intrinsic 
source-drain symmetry of the transistor by using the substrate as the voltage reference and 
by introducing the concept of forward and reverse components of the drain current. This 
symmetrical approach makes it easier to understand the various modes of static operation 
of the device, and to describe them by a single uncomplicated equation. The charge-based 
approach lends itself naturally to a coherent description of the dynamic and noise behavior of 
the transistor. 

The authors want to acknowledge the numerous persons who contributed directly and 
indirectly to this book. We are grateful to Dr Francois Krummenacher for his invaluable 
contribution to the EKV model and for his many inputs and suggestions that greatly helped 
us to write this book. We have benefited from the many discussions we had with Jean-Michel 
Sallese and Ananda Roy who helped us to clarify many fine points along the process of writing 
this book. We also would like to acknowledge the contribution of all the other members of the 
EKV development team, who each brought their own contribution to the EKV model: Matthias 
Bucher, Christophe Lallement, Alain-Serge Porret, Wladek Grabinski. Our gratitude also goes 
to Henri Oguey and Stephan Cserveny who pioneered the work for a continuous model and 
paved the way for the current EKV model. 

Finally, we would like to give special thanks to our families — Dominique, Adrien, Mathilde 
and Simon Enz, and Monique, Nathalie and Didier Vittoz — for their support and understanding 
during this seemingly endless task. 


CHRISTIAN C. ENz, Eric A. VITTOZ 
St-Aubin-Sauges, Switzerland 
Cernier, Switzerland 
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Table 0.1 Symbols and their definitions 





Symbol Description Reference 
Physical parameters 
q Electron charge (2.1) 
k Boltzmann ’s constant (2.1) 
T Absolute temperature in degree Kelvin (2.1) 
Te Noise temperature in degree Kelvin (9.141) 
TL Lattice temperature in degree Kelvin (9.143) 
Tc Carrier temperature in degree Kelvin (9.142) 
€0 Permittivity of free space 
Esi Permittivity of silicon 3.1 
Eox Permittivity of SiO, 3.2 
ni Intrinsic carrier concentration 3.1 
H Mobility of current carriers (4.1) 
Ho Low-field surface mobility (8.1) 
Uz Mobility including the effect of the vertical field (8.1) 
Leff Effective mobility including the effects (9.2) 
of the vertical and longitudinal fields 
Process parameters 
np Electron concentration (in P-type Si) (3.1) 
Pp Hole concentration (in P-type Si) (3.1) 
Ny Doping concentration of the substrate 3.1 
Ng Doping concentration of the polysilicon gate 8.4 
Naite Doping concentration of the source and drain diffusions 4.6.1 
D Substrate modulation factor (3.30) 
T, Depletion factor in the polysilicon gate (8.54) 
Varift Drift velocity 9.1 
Vegi Saturated drift velocity 9.1 
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Symbol Description Reference 
Geometry 

W Channel width Figure 2.1 

L Channel length Figure 2.1 

Lsp Distance between the source and drain metallurgical junctions Figure 4.12 

Lett Effective channel length Figure 9.26 

Loy Gate overlap length Figure 10.10 

Le Length of a single finger Figure 11.1 

Wr Width of a single finger Figure 11.1 

ALs Channel length reduction at the source Figure 4.12 

ALp Channel length reduction at the drain Figure 4.12 

fox Oxide thickness Figure 2.1 

x Distance from source along the channel Figure 2.1 

y Distance across the channel Figure 2.1 

Z Distance in direction perpendicular to the surface into the bulk Figure 2.1 
Voltages and potentials 

Ur Thermodynamic voltage (2.1) 

y Electrostatic potential 2.2 

VA Surface potential [W, £W(z =0)] 2:2 

Ws Surface potential at the source 

Wp Surface potential at the drain 

Wp Pinch-off surface potential (3.37) 

Wo Approximation of W, in strong inversion at equilibrium (V = 0) (3.56) 

È ns Difference between the work functions of the gate and the substrate 2.2 

Dr Fermi potential of silicon substrate 3.1 

Prn Quasi-Fermi potential of electrons 3.1 

Pz Potential barrier of source and drain junctions at equilibrium (4.55) 

Ves Flat-band voltage (3.22) 

Vrp Threshold function (3.33) 

Vro Equilibrium threshold voltage (3.58) 

V Channel voltage Figure 2.1 

Vo DC gate-to-bulk voltage Figure 2.1 

Vs DC source-to-bulk voltage Figure 2.1 

Vp DC drain-to-source voltage Figure 2.1 

AVg Incremental gate-to-bulk voltage 5.1.1 

AVs Incremental source-to-bulk voltage 5.1.1 

AVp Incremental drain-to-bulk voltage 5.1.1 

Vp Pinch-off voltage (3.46) 

Van Channel voltage shift (3.44), (8.100) 

Vos sat Drain-to-source saturation voltage (4.12) 

Vu Channel-length modulation voltage (Early voltage) (5.22) 

Vao Extrapolated band gap voltage Figure 7.1 
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Symbol Description Reference 
Electric fields 
E: Critical longitudinal electric field (9.1) 
Ex Electric field in the oxide Figure 2.2 
E, Electric field along the longitudinal direction 3.1 
E, Electric field along the lateral direction 3.1 
E, Electric field along the vertical direction 3.1 
Ezs Electric field along the vertical direction at the surface [E,, & E;(z = 0)] 3.1 
Currents 
Ip Static drain current flowing into the drain terminal Figure 2.1 
Is Static source current flowing into the source terminal 5.3 
Ig Static bulk current flowing into the bulk terminal 
Ig Static gate current flowing into the gate terminal (8.107) 
I spec Specific current (4.14) 
Tp Static forward current (4.9) 
Tp Static reverse current (4.9) 
Ipo Off drain current (4.38) 
Alp Incremental drain current 5.1.1 
Als Incremental source current 
Alg Incremental gate current 
Alg Incremental bulk current 
Charges 
Qi Inversion mobile charge density Figure 2.2 
Qis Inversion mobile charge density at the source Figure 2.2 
Qip Inversion mobile charge density at the drain Figure 2.2 
Qb Depletion charge density Figure 2.2 
Qg Gate charge density Figure 2.2 
Orc Fixed charge density Figure 2.2 
Q spec Specific charge density (3.42) 
Os Semiconductor total charge density 2.2 
Qi Total channel charge (6.16), (6.19) 
Resistances, conductances, and transconductances 
Rs Source series resistance Figure 10.1 
Rp Drain series resistance Figure 10.1 
Ro Gate series resistance Figure 10.1 
Rg Bulk series resistance Figure 10.1 
Rode Source and drain extension resistance Figure 10.2(b) 
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Symbol Description Reference 

Reon Source and drain contact resistance Figure 10.2(b) 

Rat Source and drain salicide resistance Figure 10.2(b) 

Ryia Source and drain via resistance Figure 10.2(b) 

Rpsg Source-to-drain substrate resistance Figure 11.9(c) 

Rgs Source-to-bulk substrate resistance Figure 11.9(c) 

Rgp Drain-to-bulk substrate resistance Figure 11.9(c) 

Gen Channel conductance (9.116) 

Gas Residual output conductance in saturation (5.22) 

G spec Specific conductance (5.6) 

Gm Gate transconductance (5.2c) 

Gms Source transconductance (5.2a) 

Gma Drain transconductance (5.2b) 

G mb Bulk transconductance 13.3.2 
Capacitances and transcapacitances 

Cox Oxide capacitance per unit area 3.2 

Cox Total oxide capacitance 5.2 

Cy Silicon capacitance per unit area (3.23) 

Cg Gate capacitance per unit area (3.25) 

Ca Depletion capacitance per unit area 3.3 

Cox Total oxide capacitance (5.38) 

Cosi Intrinsic gate-to-source capacitance Figure 5.14 

Copi Intrinsic gate-to-drain capacitance Figure 5.14 

Cosi Intrinsic gate-to-bulk capacitance Figure 5.14 

CBsi Intrinsic bulk-to-source capacitance Figure 5.14 

Cppi Intrinsic bulk-to-drain capacitance Figure 5.14 

Ceci Total intrinsic gate capacitance (11.4) 

Cr Intrinsic gate transcapacitance (5.58) 

Ciis Intrinsic source transcapacitance (5.56) 

C ma Intrinsic drain transcapacitance (5.57) 

Caso Gate-to-source overlap capacitance Figure 10.1 

Copo Gate-to-drain overlap capacitance Figure 10.1 

CoBo Gate-to-bulk overlap capacitance Figure 10.1 

Coco Total gate overlap capacitance Figure 10.1 

Cpsj Source-to-bulk junction capacitance 10.4 

Cppj Drain-to-bulk junction capacitance 10.4 

Cos Total gate-to-source capacitance (12.1) 

Cop Total gate-to-drain capacitance (12.1) 

Cop Total gate-to-bulk capacitance (12.1) 

CBs Total bulk-to-source capacitance (12.1) 

CBD Total bulk-to-drain capacitance (12.1) 

Co Total gate capacitance (12.6) 

Cg Local gate capacitance per unit area 3.3 
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Symbol Description Reference 





Admittances and transadmittances 


Yosi Intrinsic gate-to-source admittance Figure 5.9 
Yopi Intrinsic gate-to-drain admittance Figure 5.9 
Yori Intrinsic gate-to-bulk admittance Figure 5.9 
Ypsi Intrinsic bulk-to-source admittance Figure 5.9 
Yppi Intrinsic bulk-to-drain admittance Figure 5.9 
Yan Intrinsic gate transadmittance (5.36) 
Yins Intrinsic source transadmittance (5.36) 
Yma Intrinsic drain transadmittance (5.36) 
Yaj Substrate admittance Figure 12.4 


Frequency and time constants 


On Transit frequency (11.4) 
Tas Intrinsic channel time constant (5.32) 
Wgs Intrinsic channel transit frequency (5.32) 


(also limit between quasi-static and 
non-quasi static operation) 


Wmax Extrapolated maximum frequency of oscillation (11.18) 
Wspec Specific (or critical) frequency (5.33) 
Topec Specific time constant (5.33) 
Noise 
Sa 2, Thermal noise power spectral density at the drain (6.4), (6.14) 
Sa 2 Thermal noise power spectral density at the source (13.42) 
Sa 12 Thermal noise power spectral density at the gate (13.42) 
(induced gate noise power spectral density) 
SA 2 Thermal noise power spectral density at the bulk (13.42) 
SARGA It Thermal noise gate-drain cross-power spectral density (13.42) 
Gap Drain thermal noise conductance (6.15) 
GaG Gate thermal noise conductance (13.49) 
(induced gate noise thermal conductance) 
ond Thermal noise parameter at the drain (6.26) 
Ong Thermal noise parameter at the gate (13.49) 
VoD Thermal noise excess factor at the drain (6.30) 
VnG Thermal noise excess factor at the gate (13.49) 
PGD Gate-drain thermal noise correlation factor (13.71) 
Sy Input-referred thermal noise voltage power spectral density (13.13) 
Si Input-referred thermal noise current power spectral density (13.13) 
R, Input-referred thermal noise voltage resistance (13.13) 
Gi Input-referred thermal noise current conductance (13.13) 
Giu Uncorrelated part of G; (13.14) 
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Symbol Description Reference 

Gic Correlated part of G; (13.14) 

Y: Noise correlation admittance (13.8) 

Ge Noise correlation conductance (13.16) 

B: Noise correlation susceptance (13.16) 

F Noise factor (13.17), (13.21), (13.26) 

NF Noise figure (13.17) 

F min Minimum noise factor (13.25) 

NF nin Minimum noise figure (13.25) 

Yopt Optimum source admittance for F = Fmin (13.24) 

Gopt Optimum source conductance (13.24) 

Bopt Optimum source susceptance (13.24) 
Other 

p Charge concentration (3.1) 

Lp Extrinsic Debye length (3.15) 

Loo Characteristic length for DIBL (9.100) 

ta Thickness of the depletion layer (3.26) 

n Slope factor (3.34) 

Ny Slope factor evaluated at pinch-off (3.68) 

no Slope factor evaluated at V = 0 (3.73) 

Ng Charge slope factor (8.60) 

ny Voltage slope factor (8.60) 

B Transconductance factor or transfer parameter (4.7) 

Ds Source-to-bulk diode Figure 10.1 

Dp Drain-to-bulk diode Figure 10.1 

Ay inax Maximum voltage gain in common gate (5.24), (9.115) 

AP Mismatch of parameter P (7.52) 

Ap Area proportionality constant of parameter P (7.52) 

0 Parameter of field-dependent mobility (8.5) 

Ze Characteristic depth Figure 8.7 

Varift Drift velocity of carriers Figure 9.1 

Usat Saturation value of Varift Figure 9.1 

Xe Velocity saturation parameter (9.19) 

Table 0.2 Normalization factor definition 

Symbol Description Reference 

L Transistor length for normalizing distance along the x-axis 2.1 

Ur ê “ Thermodynamic voltage for normalizing voltages and potentials 2.1 

I spec £ 2np U2 Specific current for normalizing currents (4.14) 

O spec £ —2nC,,Uy Specific charge density for normalizing charge densities 3.6.1 

Cox = WLC ox Total oxide capacitance for normalizing capacitances 5.2 

G spec 4 Spee Specific admittance for normalizing admittances (5.6) 

spec = bat Specific angular frequency for normalizing angular frequency 5.2 
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Table 0.3 Normalized symbols 











Symbol Description Reference 
EAL x/L Normalized position along the x-axis (4.21) 
fe Normalized characteristic depth (8.24) 
v Doping ratio (8.32) 
ho & L/Leo Channel length normalized to characteristic length (9.100) 
vy £ Vx [Uy Normalized voltage (3.43) 
Yj 4 5/ Uy)? Normalized modulation factor (3.43) 
Qr £ pp [Uy Normalized Fermi potential of silicon substrate 3.1 
Wp £ W/Ur Normalized pinch-off surface potential (3.37) 
Wo £ W/Ur Normalized approximation of W, in strong inversion (3.66) 
iy £ Ix /T spec Normalized drain current (4.15) 
IC Inversion coefficient or factor (4.26) 
82x 2G, / G spec Normalized conductance or transconductance 

qx 4 Ox / Q spec Normalized charge density (3.41) 
ds £ Qis / Q spec Normalized inversion charge density at the source (5.7a) 
qa 2 QiD/ Ospec Normalized inversion charge density at the drain (5.7b) 
qx 2 Q x / Q spec Normalized total charge 

2£ow/ spec Normalized frequency 13.2.2 
Nas £ qs / spec Normalized QS frequency (5.32) 
Cj £C \/ Cox Normalized capacitance per unit area (5.50) 
cy = Cy /Cox Normalized total capacitance (5.50) 


{Í Introduction 








This chapter explains the basic motivations for developing MOS transistor models that can be 
used for the design of complementary MOS (CMOS) integrated circuits. It then gives a short 
history of the EKV MOS transistor model starting from the early development, motivated by 
the design of micropower circuits for watch applications, to the most recent developments. 
Finally, the structure of the book is highlighted in order to help the reader organizing his 
reading. 


1.1 THE IMPORTANCE OF DEVICE MODELING 
FOR IC DESIGN 


Modern large-scale integrated circuits are essentially composed of MOS transistors and their 
interconnections. Therefore, the design of such circuits requires some kind of a model for the 
transistors. 

For noncritical digital circuits, this model may in principle be very simple. Indeed, modeling 
each transistor as an on—off switch would be sufficient to design purely logic circuits. However, 
as soon as there are critical races among transitions, the model must be extended to describe the 
dynamic behavior of the device, in order to obtain the rise and fall time of these transitions. This 
dynamic behavior is also needed when the frequency of operation approaches its maximum 
limit. With the reduction of supply voltage, more details must be introduced, such as the 
residual current of blocked transistors, the importance of which is increased. 

Analog circuits contain usually a smaller number of transistors, but they are even more 
dependent on the exact behavior of each transistor. The design of high-performance analog 
circuits therefore requires a very detailed model of the transistor. This model must include a 
precise description of the voltage—current relationships, including the effect of the source that 
is often not grounded, and of the dynamic behavior of the device. Its behavior with respect to 
noise and to temperature variations must also be accounted for. 

A transistor model intended for circuit design should serve two essential purposes: 

It should first provide a good understanding of the various properties of the device to facilitate 
the synthesis of optimum circuit architectures. Indeed, in order to build robust circuits, the 
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physical properties of the transistor must be exploited in a way that is minimally dependent on 
temperature and process variations. For this purpose, the model should be explicit. It should 
“speak to the mind,” using no complicated or chained equations. Clarity should supersede 
precision and can be enhanced by means of graphical representations. This important aspect 
of a model is often underestimated and overlooked. It will be emphasized in this book, in 
particular in Part I, which essentially describes what can be called the core of the model. 

Second, the model should be adapted to numerical simulations on a computer, embedded 
in a circuit simulator. For this purpose, precision supersedes clarity, and second-order effects 
must be accounted for. This can be obtained by predistorting variables, by chaining equations 
and/or by providing additional layers around a core model. The model does not need to be fully 
explicit, but it should be compact: it should use sufficiently simple expressions with minimum 
need for numerical iterations, in order to limit the computation time. 

A transistor model should include a minimum number of process-dependent device param- 
eters. This is to facilitate the very heavy task of extracting and following-up the value of these 
parameters, with their statistical distribution and temperature dependency. 

Now, the correlation between these parameters (with process and temperature variations) 
must be known, in order to avoid designing circuits for irrelevant worst cases. For this reason, 
the device parameters should be explicitly based on independent and measurable process pa- 
rameters. This is essential to be able to ascertain their amount of correlations while avoiding 
the almost impossible task of measuring all these correlations. It also makes the model predic- 
tive, allowing to foresee the characteristics of the transistor and hence the performance of the 
resulting circuits even before measuring the device. 

The EKV model described in this book is believed to meet all the above expectations. It 
serves the two main purposes in a coherent manner. Its core requires just a few parameters 
to describe all the basic properties of the long-channel intrinsic device in an explicit manner. 
Layers are added to this core to account for short-channel and secondary effects. 


1.2 A SHORT HISTORY OF THE EKV MOS 
TRANSISTOR MODEL 


The model presented in this book results from a series of direct and indirect contributions along 
several decades. Its origins can be traced back to the early developments of electronic watches 
at CEH (French acronym for Watchmakers Electronic Center) in Switzerland [2]. 

The total power consumption had to be extremely low, less than 1uW, to ensure a few 
years of life to the single button-size cell battery. After the very first versions based on bipolar 
transistors [3], the CMOS technology was soon identified as the best approach to implement the 
digital electronic circuitry needed in a watch using a crystal resonator as the time reference. 
Supply voltage had to be very low, compatible with the 1.3 V delivered by the cell, so the 
development of low-threshold CMOS was a major challenge in the late 1960’s [4]. 

The digital circuitry was essentially an asynchronous chain of divide-by-two stages. The 
main design problem was to minimize the number of node transitions in order to minimize the 
dynamic power. Another one was the elimination of logic hazards to improve the robustness 
against large local variations of the small gate voltage overhead, and this led to the first single 
clock circuits [5-7]. For these digital circuits, MOS transistors could be considered just as 
switches and hence no special model was required. 
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The problem was very different for the few analog subcircuits. Most important was the 
circuitry needed to sustain the oscillation of the quartz crystal resonator (the quartz oscillator). 
Each transistor had to be biased at a drain current much below 1A. Early measurements 
carried out in 1967 showed that the transistor behaved in a very strange manner at these very 
low current levels. Indeed, the well-known square-law transfer characteristics were replaced 
by an exponential over more than 5 order of magnitude of the drain current, very similar to 
bipolar transistors. This is how weak inversion popped out to the attention of micropower 
circuit designers in the late 1960s. 

At that time, no transistor model was available for weak inversion, but they started coming 
out in subsequent years, mainly to account for what appears in digital circuits as a leakage 
current of blocked transistors. In 1972, M. B. Barron published a model for the grounded source 
device showing the exponential dependencies on drain voltage and on surface potential, with a 
rather complex expression relating the surface potential to the gate voltage [8]. The same year, 
R. M. Swanson and J. D. Meindl [9] showed that this relation could be accounted for by means 
of an almost constant factor, which became the slope factor n of our model. The following 
year, R. R. Troutman and S. N. Chakravarti [10] treated the case of nonzero source voltage. 
Then T. Mashuhara et al. [11] showed that the current depends on a difference of exponential 
functions of source and drain voltages. In the mean time, micropower analog circuit blocks 
were developed at CEH. They were first published in 1976 [12, 13], together with a model 
applicable for weak inversion circuit design, which was based on the previously mentioned 
work. This model already included two important features of the EKV model: reference to the 
(local) substrate (and not to the source) for all voltages and full source—drain symmetry. The 
related small-signal model including noise was also presented [14]. 

A symmetrical model of the MOS transistor in strong inversion was first published by 
P. Jespers in 1977 [15, 16]. Based on an idea of O. Memelink, this graphical model uses 
the approximately linear relationship between the local mobile charge density and the local 
“non-equilibrium” voltage in the channel. This charge-based approach has been adopted and 
generalized to all levels of current in the EKV model. 

Another ingredient of EKV is the representation of the drain current as the difference 
between a forward and a reverse component. This idea was first introduced in 1979 by 
J.-D. Chatelain [17], by similarity with the Ebers—Moll model of bipolar transistors [18]. 
However, his definition of these two components was different from that adopted later, and 
was not applicable to weak inversion. 

Even in micropower analog circuits, not all transistors should be biased in weak inversion. 
There was therefore a need for a good continuous model from weak to strong inversion. Such a 
model was developed at CEH by H. Oguey and S. Cserveny, and was first published in French 
in 1982 [19]. The only publication in English was at a Summer Course given in 1983 [20]. 

This model embodied most of the basic features that were retained later. It introduced a 
function of the gate voltage called control voltage, later renamed pinch-off voltage Vp. A single 
function of this control voltage and of either the source voltage or the drain voltage defined two 
components of the drain current (which became the forward and reverse components). This 
function was continuous from weak to strong inversion, using a mathematical interpolation to 
best fit moderate inversion. 

In the mid-1980s, the model of Oguey and Cserveny was simplified by the second author 
for his undergraduate teaching at EPFL (Swiss federal Institute of Technology, Lausanne, 
Switzerland), and most further developments were carried out there. They started with the 
Ph.D. Thesis of the first author [21], in collaboration with F. Krummenacher. The model was 
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formulated more explicitly. Noise and dynamic behavior were introduced by exploiting the 
fundamental source—drain symmetry. The status of the model was presented at various Summer 
Courses [22-24] and a full paper was finally published in 1995 [25]. This publication gave its 
name to the model, but many important extensions were added later. 

Probably the most important extension was the replacement of the current and transcon- 
ductance interpolation functions between weak and strong inversion presented in [25] by a 
more physical based one, derived from an explicit linearization of the inversion charge versus 
the surface potential. The incremental linear relationship between inversion charge and sur- 
face potential was first considered by M. Bagheri and C. Turchetti [26], but the linearization of 
the inversion charge versus surface potential was originally proposed in 1987 by M. Maher and 
C. Mead [27,28]. Several years later, different groups looked at this problem. B. Iñiguez and 
E. G. Moreno [29, 30] derived an approximate explicit relation between inversion charges 
and surface potential which included a fitting parameter. While their first linearization was done 
at the source [29], they later obtained a substrate referenced model based on the original EKV 
MOSFET model approach [25], which also included some short-channel effects. A similar 
approach was also proposed by Cunha et al. [31-34] who obtained an interpolated expres- 
sion of the charges versus the potentials that used the basic EKV model definitions! [25] and 
was closely inspired from our approach. We also adopted the inversion charge linearization 
approach, since it offers physical expressions for both the transconductance-to-current ratio 
and the current that are valid from weak to strong inversion [35-38]. This gave rise to the 
charge-based EKV model which is discussed in this book. The inversion charge linearization 
principle was rediscovered once more in 2001 by H. K. Gummel and K. Singhal [39, 40]. 
Finally, a formal detailed analysis of the inversion charge linearization process and a rigorous 
derivation of the EKV model was finally published by J.-M. Sallese et al. in [41]. 

Note that this approach actually provides voltages versus currents expressions that cannot 
be explicitly inverted. It can nevertheless be easily inverted by using a straightforward Newton- 
Raphson technique or by an appropriate approximation. Both these techniques have been used 
in the final model implementation. 

The basic long-channel charge-based EKV model was further developed by the EKV team 
to include the following additional effects: 


Nonuniform doping: Nonuniform doping in the vertical direction was proposed by C. Lallement 
et al. in [42,43]. 


Non-quasi-static model: A small-signal charge-based non-quasi-static model was presented 
by J.-M. Sallese and A.-S. Porret in [38, 44]. 


Polysilicon depletion and quantum effects: Polysilicon depletion and quantum effects were 
also added [45-47]. 


RF modeling: The EKV model was extended by the first author to also cover high-frequency 
operation for the design of RF CMOS integrated circuits [48-52]. 


Thermal noise: An accurate thermal noise model accounting for short-channel effects was 
developed by A. S. Roy and C. C. Enz [53-55]. 


1 Unfortunately, Cunha et al. did not use the same definition of the specific current we have been using. Their specific 
current is actually four times smaller. 
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Extrinsic components: An accurate model of the parasitic capacitances was developed by 
F. Prégaldiny et al. [56]. 


EKV compact model: A model of the MOS transistor would be almost useless if it could not 
be used by circuit designers with a circuit simulator. To this purpose, the model has to be 
carefully implemented in the simulator so that it can run efficiently avoiding any convergence 
problems. The early EKV model (version 2.7) was implemented by M. Bucher as a compact 
model in many circuit simulators [37]. All the more recent developments were implemented 
in the version 3.0 of the EKV MOS transistor compact model [57,58]. 


Parameter extraction: A compact model cannot be used without an efficient parameter ex- 
traction methodology. The EKV model uses an original parameter extraction methodology 
presented in [59-62]. (Reference [61] can be found on line at the EKV Web site [63].) 


More recently, the research of the EKV team is more oriented toward the modeling of 
multigate MOS devices and more particularly on double-gate devices [64, 65]. 

Further parts of the model were derived by members of the team of researchers and Ph.D. 
students that developed its implementation as a CAD tool at EPFL [63]. 


1.3 THE BOOK STRUCTURE 


This book is organized in three parts, which are briefly described below: 


Part I describes the basic long-channel charge-based MOS transistor model. It is the core of 
the model around which all the other parts are built in a hierarchic manner following the 
basic structure of the EKV MOS transistor model. This part is self-contained and the reader 
can stop after it while still having a strong background in all the fundamental aspects of 
the EKV MOS transistor model. It includes all the most important aspects such as basic 
large-signal static model, small-signal dynamic model, noise model, and a discussion of 
temperature effects and matching properties. The other parts complete the basic model by 
adding more detailed descriptions of advanced aspects. 


Part IT presents more advanced aspects which are of utmost importance for understanding the 
operation of deep-submicron devices. It starts with the modeling of several nonideal effects 
that already affects long-channel devices before concentrating on short-channel effects. The 
model is then extended to also include the extrinsic part of the device. 


Part III discusses additional aspects which become important when increasing the operating 
frequency. It presents a complete MOS transistor model, built on top of the two first parts, 
which is required for designing RF CMOS integrated circuits. 


Part | 


The Basic Long-Channel 
Intrinsic Charge-Based Model 


The first part models the intrinsic part of the most basic MOS transistor. The channel is 
assumed to be sufficiently long to avoid all short-channel effects. The doping concentration in 
the substrate and the carrier mobility are constant. The gate is a perfect equipotential conductor, 
and the gate oxide is thick enough to prevent quantum effects and tunneling current. Some 
basic definitions are introduced in Chapter 2 in order to preserve the symmetry of the device. 
Chapter 3 models the density of mobile charge as a function of the gate voltage and of the 
local channel voltage. This function is used in Chapter 4 to obtain the drain current in function 
of the source and drain voltages, and introduces the unusual concept of forward and reverse 
current components. Chapter 5 then establishes the corresponding small-signal DC and AC 
models. Chapter 6 is dedicated to modeling the noise, whereas Chapter 7 investigates the effect 
of temperature and the problem of mismatch between devices. 
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2 Definitions 








This short introductory chapter starts by describing the generic structure of the N-channel MOS 
transistor that will be analyzed in Part I. It defines the essential geometrical dimensions and 
voltages, including the “channel voltage” V that will play an important role in the model. Sec- 
tion 2.2 introduces the definition of additional important variables, in particular the density of 
mobile inverted charge Q; that underlies the whole charge-based modeling approach. Symbols 
for the four-terminal N- and P-channel transistors are proposed in Section 2.3, together with 
sign conventions that will render all results derived for the N-channel transistor applicable to 
the P-channel device. 


2.1 THE N-CHANNEL TRANSISTOR STRUCTURE 


The schematic cross section of a generic N-channel MOS transistor is shown in Figure 2.1. 
The source S and drain D are highly doped N-type islands (N+) diffused in a P-type local 
silicon substrate (or bulk) B. 

In between, the active part of the transistor of length L and width W is controlled by the 
gate electrode G, separated by a dielectric layer called gate oxide, since it is normally made 
of silicon dioxide. The P+ diffusion is needed to ensure good ohmic contact with the lightly 
doped P-type local substrate. The position along the channel is defined by x, whereas the 
distance from the silicon surface is given by z. The y-axis is perpendicular to the plane of 
the cross section. We shall assume for the time being that the net doping concentration N, of 
the local substrate and the oxide thickness fox are both constant along the channel. Hence, this 
four-terminal device has a symmetrical structure with respect to source and drain. In order to 
keep this symmetry in the model, the source voltage Vs, the drain voltage Vp, and the gate 
voltage Vg are all defined with respect to the local substrate. By definition, Vs and Vp are 
positive when they block the corresponding junction. 

As shown in Figure 2.1, the active region of the transistor located between source and drain 
is limited to the gate-to-surface capacitor plus a thin layer of silicon in which the potential and 
the charge distribution are modified by the effect of the gate. It is called the intrinsic part of the 
transistor. All the rest is the extrinsic part. It includes the source and drain diodes, series access 





Charge-Based MOS Transistor Modeling: The EKV Model for Low-Power and RF IC Design C. Enz and E. Vittoz 
© 2006 John Wiley & Sons, Ltd. 


10 DEFINITIONS 









Intrinsic part 
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@ width W substrate 
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Figure 2.1 Schematic cross section of a MOS transistor 


resistors or inductors to the four terminals, and all external parasitic capacitors, in particular 
those of the D and S junctions and the direct overlap capacitors from gate electrode to source 
and drain islands. This extrinsic part of the device will be discussed in Chapter 10. 

Application of a voltage across the source-to-substrate and/or the drain-to-substrate junc- 
tions forces electrons and holes out of equilibrium, splitting their respective quasi-Fermi po- 
tential by Vs at the source end of the channel and Vp at the drain end. This splitting propagates 
along the channel, and can be characterized by a channel voltage V that varies monotonically 
from Vs at x = 0 (source end) to Vp at x = L (drain end). 

Now, for an N-channel device in normal operation (potential increased at the surface by the 
voltage applied to the gate), the quasi-Fermi potential of holes can be assumed to be constant 
throughout the structure [1, 66,67]. Thus V is (within a constant) the quasi-Fermi potential of 
electrons in the channel. 

Another important voltage is the thermodynamic voltage 


Up kT /q, (2.1) 


where k is the Bolzmann constant and q is the elementary charge. Proportional to the absolute 
temperature T, it is a measure of the thermal energy of electrons. Since it appears ubiquitously 
in MOS modeling equations, it is a more natural unit of voltage for devices and circuits than 
the standard unit of 1 V. Its value is 25.8 mV at 300 K or 27 °C. 


2.2 DEFINITION OF CHARGES, CURRENT, POTENTIAL, 
AND ELECTRIC FIELDS 


For zero electric field at the silicon surface, the source to drain structure of Figure 2.1 corre- 
sponds to two back-to-back diodes connected in series; thus, no current other than the junction 
leakage current can flow as long as Vs and Vp are positive. The situation remains qualitatively 
the same when more holes are attracted at the surface by applying a negative gate voltage Vg. 

On the contrary, if a positive voltage is applied to the gate, the holes are repelled from the 
surface, leaving the negatively charged P-doping atoms. As shown schematically in Figure 2.2, 
this corresponds to a negative charge of density Q» per unit area. This charge is fixed and 
therefore cannot carry any current. 

By further increasing Vg, negative electrons are attracted to the surface thereby forming an 
N-type channel. It is this negative mobile inversion charge, of density Q; per unit area, which 
will carry the drain-to-source current by a combination of drift and diffusion mechanisms of 
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Figure 2.2 Schematic representation of various local charge densities 


electrons. For the N-channel device, this current Jp will be defined positive if it enters the drain 
terminal. 

The charge-based model presented in this book will first calculate the dependency of the 
density Q; of induced mobile charge on the voltages applied to the transistor. Then, it will rely 
on Qj, and on its particular values Qis and Qip at the source and drain ends of the channel, to 
calculate the drain current and to model all aspects of the device behavior. 

The total net charge induced underneath the surface of silicon per unit area of channel is 
given by 


Os = Ov + Qi. (2.2) 


As depicted in Figure 2.2, an additional component of charge Q,, is present at the silicon- 
oxide interface. This is a fixed charge that includes the effect of charges trapped inside the 
oxide and weighted by their relative distance to the interface. This charge will be assumed to 
be independent of the gate voltage, although it might change very slowly in time at very high 
values of gate voltage. Additional voltage-dependent charges due to fast surface state will not 
be considered, since they are negligible in modern processes. 

The 0-reference of electrostatic potential y is that of the bulk of silicon, at a distance from 
the surface where it is not affected by the gate voltage. At the silicon surface (z = 0), W takes 
the particular value Y called the surface potential. The electric field Eox in the oxide depends 
on Vg — Y%, but is modified by ms, the difference between the extraction potentials of gate 
and channel materials. It corresponds to the barrier of potential that would be created at their 
interface if the oxide thickness fox would be zero. The electric field in the oxide is therefore 
given by 


E Vo — Pms — Ys 


Eox (2.3) 


fox 


2.3 TRANSISTOR SYMBOL AND P-CHANNEL TRANSISTOR 


In order to reflect the symmetrical structure of the MOS transistor, the symbols to be used in 
circuit schematics should also be symmetrical, as shown in Figure 2.3. Figure 2.3(a) shows 
the symbol of an N-channel transistor, with the definitions of voltages and current already 
introduced in Figure 2.1. The arrow on the bulk (B) terminal symbolizes the bulk-to-channel 
“junction,” whereas the source S and drain D terminals are symmetrical. 
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(a) N-channel (b) P-channel 


Figure 2.3 Symbols and definitions for N-channel and P-channel MOS transistors 


The generic structure of a P-channel transistor is similar to that of the N-channel, but the 
doping types are opposite, with P+ source and drain diffusions inside an N-type local substrate 
(which is usually an N-well in modern processes). Hence a negative voltage must be applied 
to the gate to obtain a positive inverted charge of holes Qj, after creating a positive depletion 
charge Qp. 

In spite of this sign difference, all equations that will be derived for modeling the N-channel 
transistor will be applicable to the P-channel device, provided the definitions of positive voltages 
and currents are inverted, as shown in Figure 2.3(b). The arrow in the bulk connection is 
inverted, which might be sufficient to distinguish it from the N-channel. However, since very 
often the bulk connection is the same for all transistors of the same type and is therefore not 
represented, a small circle is added at the gate of the P-channel device. 

It should be pointed out that, except for the gate electrode, the generic structure illustrated 
in Figure 2.1 is also that of an NPN lateral bipolar transistor. Indeed, this parasitic transistor 
will be activated as soon as one of the two junctions is sufficiently forward biased (— Vs and/or 
—Vp larger than a few hundred millivolts). This device may be exploited as a true bipolar 
transistor, provided it is in a separate well (which becomes the base of the transistor) and the 
MOS current is canceled by a negative gate voltage [68]. This special mode of operation will 
not be further discussed in this book. 


3 The Basic Charge Model 








This chapter is dedicated to the calculation and the modeling of the density of induced mobile 
charge Q; as a function of the various voltages applied to the transistor. Section 3.1 is a repetition 
of the classical one-dimensional analysis of the total charge density Qs; induced at the surface 
of a long transistor channel by a nonzero surface potential. It already shows the fundamental 
difference between weak and strong inversion. This difference is further highlighted by the 
dependency of the surface potential on the gate voltage, which is derived in Section 3.2. Section 
3.3 takes advantage of the results obtained so far to calculate the variation of the local gate 
capacitance per unit area as a function of the gate voltage and the local channel voltage. Section 
3.4 introduces and justifies the charge sheet approximation, which will be used throughout the 
rest of the book. Using this approximation, Q; is then obtained in Section 3.5 by the difference 
between the gate voltage and a threshold function Vrg of the surface potential W,, and it 
cancels at a value called pinch-off surface potential Wp. The slope n of Vrg(W%) will become 
one of the few basic parameters of the model. In Section 3.6, an important simplification of 
the model is introduced by exploiting the fact that this slope n may be considered constant, 
which corresponds to a linearization of the charge versus potential relationship. Based on this 
linearization, an explicit expression is obtained that relates Q; to the channel voltage V, within 
a constant called pinch-off (channel) voltage Vp. This expression is normalized and depends 
only on process parameters through a specific charge Qspec. By using an approximation of this 
expression in strong inversion, a threshold voltage (at equilibrium) Vro is defined, by which 
Vp can then be directly related to the gate voltage. 


3.1 POISSON’S EQUATION AND GRADUAL 
CHANNEL APPROXIMATION 


In the P-type substrate of an N-channel MOS transistor, the total charge concentration p is the 
net effect of the concentrations M, of doping atoms, of holes pp and np of electrons: 


P = q(Pp — Np — Nb). (3.1) 
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Far from the surface, the semiconductor is neutral, and p = 0. Closer to the surface, the 
spatial variations of potential W due to the electric field produced by the gate result in a nonzero 
charge concentration according to the three-dimensional Poisson’s equation 


dw de dwy i aw p (3.2) 
dx? Oy? Og ei l 





where ési is the dielectric constant of silicon. 

The channel is long and wide compared to the oxide thickness tox, allowing the gradual 
channel approximation, stating that the electric field variation in the z-direction (perpendicular 
to the surface) is much larger than that in the x- and y-directions. Therefore, the second 
derivative of potential W in the directions parallel to the surface can be neglected in (3.2), and 
this three-dimensional equation can be reduced to the one-dimensional equation in z: 


ry q 
ae <p — Pp + Np). (3.3) 


For an N-channel transistor, the quasi-Fermi potential of holes can be assumed to be constant 
for YW > 0 [1, 66,67]. The hole concentration can therefore be expressed as 


r- Y 
Pp = ni exp ; (3.4) 
Ur 





where n; is the intrinsic carrier concentration and ®p is the Fermi potential of the silicon 
substrate. At T = 300 K, nj = 1.45 x 10! cm=3. 

Application of a source voltage Vs and/or a drain voltage Vp brings the electrons in the 
channel out of equilibrium, which is characterized by a quasi-Fermi potential pn different 
from ®p. As explained in the introduction, this difference is called channel voltage V, and 
Pen = Pe + V. The concentration of electrons can thus be expressed as 


W — Op, wW—Op-—V 
Np = nj exp ie = n; exp ae (3.5) 


The doping concentration Mẹ is assumed to be constant in the channel region. Far from the 
surface, the effect of Vs, Vp, and Eox vanishes; thus V = W = 0, and the silicon is neutral 
with o = 0. Combining equations (3.1), (3.4), and (3.5) then yields 





Pp -r\n Dp 
Np = n;i | exp Us exp To nj exp Us (3.6) 


since Øp > Ur, resulting in 





ni = Np exp (3.7) 


T 
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The expression relating the Fermi potential r to the doping concentration M, is then given 
by 
Np 


nj 


Introducing (3.4), (3.5), and (3.7) in (3.3) yields 





dY qM, Y -— 2p -V -y 
— = — | exp exp +1 
dz? Esi Ur Ur ~~ 
_—_—_—_—— on” fixed charge 
electrons holes 
N 
a 1 GC, 262 + V). (3.9) 





si 


The first term in the parentheses is the contribution of electrons, the second that of holes, and 
the third that of the fixed depletion charge. 
Now, the vertical field is given by 





E,= ae (3.10) 
Zom dz > . 
hence, 
ew dE, dE, dw dE, 
= `- = E, (3.11) 
dz? dz dw dz dw 
and Poisson’s equation (3.9) becomes 
N 
E. dE, = {2 GW, 20; + V) dw. (3.12) 


Esi 


Both sides of this equation can now be integrated from far below the surface, where E, = 0 
and W = 0, to closer to the surface where they become nonzero: 





Ez E2 N y 
| E, dE, = = 4 ef G(W, 2®p + V) dw. (3.13) 
0 Esi 0 


This finally yields the vertical field E, as a function of W and V: 
Ur 
E, = sgn(W) i FCW, 2p + V), (3.14) 
D 
where Lp is a combination of constants called the extrinsic Debye length 


EsiUT 
24 Np 





Lp = (3.15) 
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Figure 3.1 Function F relating EF, to W, and E,, and Qs to Ws 


and 


F(W, 2p + V) Ê 





y -Opr + V) -y ) y 
exp — — 1] exp —————— + | exp — - 1 +— . (3.16) 
( , Ur ) Ur j Ur Ur 
Se Nea 
contribution of electrons of holes of fixed charge 


This function is represented in Figure 3.1 for p = 14Ur7, which, according to (3.8), corre- 
sponds at ambient temperature to a doping concentration M, of 1.7 x 10'° cm™?. At the surface 
of silicon, the potential W takes the value YW, and the vertical field has the value E,, given 
by F(Y, 2®f + V). Knowing the surface field, the local silicon charge density Qs; can be 
obtained by applying Gauss’ law to a short section of channel, as explained by Figure 3.2. 

A parallelepiped volume of channel starts at the surface of silicon where E, = E,, and 
ends deep in the substrate where E, = 0; according to the gradual channel approximation, the 
variation of horizontal field along a short section of channel is negligible; thus, Fy4,, = Ey. 
Finally, the lateral field E, = 0 so that the only side contributing to the electrical flux leaving 
the volume is the surface. According to Gauss’ law, this flux is equal to the net charge inside 





Figure 3.2 Application of Gauss’ law to calculate Q,; from the surface field Ezs 
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the volume, which is equal to Q,; for a unit area of channel. Thus, for W, > 0, 


siU: 
Qs = ei En = -S F, 28r + V). 6.17) 
D 


For a given value of 2p + V, the function F plotted in Figure 3.1 thus represents E; (W), 
E,,(W%), and Q,;(W). It results from the contribution of the three types of charge, which can 
still be identified inside the square root of (3.16): the first term is the contribution of electrons, 
the second that of holes (which become negligible for YW >> Ur), and the third term that of the 
fixed depletion charge. 

For negative values of WY, the second term dominates and holes accumulate exponentially. If 
W, = Othen F = 0; the silicon is neutral up to the surface. This is called the flat-band situation. 

For 0 < W, « 24f + V, the last term due to the fixed depletion charge dominates. The 
small quantity of electrons corresponding to the second term is negligible in the calculation of 
field and total charge, but will be the only charge available to transport current. This situation 
is called weak inversion. 

When YW exceeds 2, + V, the first term becomes nonnegligible and would keep its expo- 
nential growth if W, could be increased much above. This situation is called strong inversion. 

It must be pointed out that F is a nonlinear function of the three kinds of charge, and so 
neither Q; nor Q» can be identified separately in this function, except if one of them strongly 
dominates. This is the case in weak inversion where, from (3.17) and (3.16), 





siU VA X : 
O35 = On = cae (weak inversion). (3.18) 
Lp \ Ur 


3.2 SURFACE POTENTIAL AS A FUNCTION 
OF GATE VOLTAGE 


The surface potential W, increases with the gate voltage Vg. This dependency can be obtained 
by again applying Gauss’ law as illustrated in Figure 3.2, but with the upper part of the volume 
ending inside the oxide layer, and thus including the fixed charge density Q;,. The electric 
field at the upper face is the oxide field EFox given by (2.3), and thus 





Osi P Of = —€ox Ex = Cox(VG Pms Ws), (3.19) 
where 
Cox = €ox/ tox (3.20) 


is the gate oxide capacitance per unit area. Introducing expression (3.17) of Qs; and solving 
for Vg yields 


Vo — Ves VA Esi 
= F(Y, 28 V), 3.21 
U; Ur + CL, ( r+ V) (3.21) 





18 THE BASIC CHARGE MODEL 

















Figure 3.3 Surface potential W, as a function of gate voltage Vg 


where Vps is the flat-band voltage given by 


Veg Pms + = (3.22) 





It is the value of the gate voltage Vg needed to obtain the flat-band situation, for which W, = 0 
and QO, = 0. 

Relation (3.21) is represented in Figure 3.3 for realistic particular values of p and 
€si/(CoxLp). 

As long as W, < 2@p + V (corresponding to weak inversion), Qsi = Q» increases only 
with the square root of Y%. Thus Y, increases with Vg. But as soon as W, reaches 2p + V, Og 
starts increasing much more rapidly with Y, due to the important contribution of mobile charge. 
This is not compatible with the limited field, and thus the surface potential only increases very 
slowly to become almost constant in strong inversion. 


3.3 GATE CAPACITANCE 


Since the function F represents the variation of the charge in silicon Q,; with surface potential 
W,, its derivative gives the corresponding silicon capacitance Csi: 





aae  eiUr dF eg exp PE — exp +1 


Csi = = 
dy, ipod 2Lp F(\%, 20¢ +V) 





(3.23) 


This equation and equation (3.21) of Vg(W,) can be used as parametric equations of C,i(VG), 
with Y, as parameter. The local gate capacitance per unit area C, is then obtained by the series 
connection of C,; and Cox: 


eo 
Cox 7 Csi F Cox ` 





(3.24) 


The resulting Cy(Vg) curve is plotted in Figure 3.4. 
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Figure 3.4 Local gate capacitance C, as a function of gate voltage Vg 


For negative gate voltages, holes are attracted to the surface. C,; becomes much larger than 
Cox and thus Cg tends to Cox. The same is true for large positive gate voltages that attract a 
large number of electrons corresponding to channel inversion. 

In between, holes are repelled from the surface, leaving the depletion charge Q», while the 
electron charge remains negligible. The silicon capacitance is thus reduced to the depletion 
capacitance Cy given by 


esi _ [sid No 


Ola aluy \ 2, 


It corresponds to a thickness tg of the dielectric depletion layer given by 


VA 2P, si 
E ERE (3.26) 
Ur qM» 


that increases with the square root of the surface potential. Hence the gate capacitance C, slowly 
decreases, until electrons are no longer negligible and rapidly dominate in strong inversion, 
causing an abrupt increase of Cy. If the channel voltage V is increased, it increases the value of 
W, required for strong inversion (see Figure 3.3), letting the gate capacitance keep descending 
further. 

It must be remembered that C, is the local gate capacitance per unit area. Thus, since there 
is only a single gate electrode, the curve of Figure 3.4 can only be measured when the whole 
channel is at the same voltage V = Vs = Vp. Indeed, if Vp Æ Vs, then V changes along the 
channel, and the total gate capacitance is a combination of different local values. 

These very nonlinear characteristics of gate capacitance must be taken into consideration 
when a MOS transistor is used to implement a capacitor. To obtain a value as constant as 
possible, the device must be biased in accumulation or in strong inversion. A voltage-dependent 
capacitor (varicap) is obtained by exploiting the slow decay of Cg in weak inversion, or its 
rapid increase at the verge of strong inversion [69]. 





Cy = Ca (3.25) 
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Figure 3.5 Integrand of equation (3.27) 


3.4 CHARGE SHEET APPROXIMATION 


The mobile inversion charge Q; defined in Section 2.2 is obtained by integrating the electron 
concentration np below the surface of silicon: 


lo) VA n 
Qi = -q i np dz = —q i — dy. (3.27) 
0 0 E 


The integrand n,/E, can be expressed from (3.5), (3.7), and (3.14) [70]: 


Y —29pp—V 
np NLpop eP =m 


E, Uy FG, 2p +V) 





(3.28) 


This expression, represented in the semilog plot of Figure 3.5 for several values of 2®f + V, 
unfortunately cannot be integrated explicitly. As can be seen, it is essentially an exponential 
function exp[W/(mUr)], with a slope factor m changing from 1 in weak inversion to 2 in strong 
inversion. Thus, as illustrated by the linear plot on Figure 3.6, 95% of charge Q; is at a potential 
within 3Ur to 6Ur below Y. 

On this basis, the charge sheet approximation [71] illustrated in the same figure will be 
used in the rest of the book. It assumes that the whole charge Q; is at the surface potential 












Ta 
exp aa 
i Charge sheet Q; at y, 
5% = 
PeR 
-4 -3 -2 -1 0 MUT Qa(Ws) 


Figure 3.6 Charge sheet approximation 
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W,. Thus, since there is no voltage drop across this thin charge sheet, the depletion charge Q» 
is controlled by W;. Hence, it can be approximated by expression (3.18) for weak inversion 
(where Q; is really negligible): 


siU 
Qb = = ma = IpCox V Y, (3.29) 
Lp Ur 


where Jj, is the substrate modulation factor, given by 





nE = V — 


Ih = 
ice Cox 





(3.30) 


3.5 DENSITY OF MOBILE INVERTED CHARGE 


3.5.1 Mobile Charge as a Function of Gate Voltage 
and Surface Potential 


The total charge density Q,,; can be calculated from the field in the oxide by using relations 
(3.19) and (3.22), 





Osi = —Cox( Va Ves — W%), (3.31) 


and, with the charge sheet approximation, the depletion charge Q» is given by (3.29). Although 
the inversion charge Q; cannot be explicitly obtained directly from (3.27), it can be expressed 
as their difference 





Qi T Osi Qb = Cox(VG VFB W, Th V Ww) n —Cox( Va e5 Vrs), (3.32) 
where 
Vrs = Ven + % + y Vs (3.33) 


is the threshold function. This function of WY, that depends on the process through parameters 
Vreg and Jj, is represented in Figure 3.7 for two extreme values of Tọ. 

This function is nonlinear due to the contribution of Q» and its slope n > 1 is obtained by 
differentiation of (3.33): 


dVrg Iy 
4 =1 ; 3.34 
da, | 29%, Ge) 








n 


It is represented in Figure 3.8. 

As can be seen, n is a very slow function of %, especially since in normal situations, W, is 
not lower than about 20Ur. Its maximum value thus ranges between 1.2 and 1.7, and it tends 
to 1 for very large values of Y. 
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Figure 3.7 Threshold function and inverted charge 


Now according to (3.32), the density of inverted charge Q; is proportional to the difference 
between the gate voltage and the threshold function, as illustrated in Figure 3.7. Hence, for Vg 
constant, 


dQ;/ Cox 

—— =n. 3.35 
dv, n (3.35) 
For a given value of the gate voltage, the inverted charge becomes zero for a particular value 

Wp of the surface potential called pinch-off (surface) potential. It is directly related to the gate 





0 20 40 60 
Figure 3.8 Slope n of Vrp(Y%) 
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voltage, as can be obtained by (3.32) for Q; = 0: 


Vo = Vreg + Yp + Ipy Yr. (3.36) 


This function Vg(¥p) is identical to Vrg(¥,) given by (3.33), as can be confirmed by inspection 
of Figure 3.7. 
Solving (3.36) for Wp yields 


(3.37) 





Wp =W,(0; = 0) = vo~ Vn 13 


3.5.2 Mobile Charge as a Function of Channel Voltage 
and Surface Potential 


The total charge in silicon, Q,;, can also be expressed by (3.17), in which Lp can be eliminated 
using (3.30). Furthermore, the function F(W, 2®p + V) given by (3.16) can be simplified if the 
channel potential is sufficiently positive (WY, >> Ur), the contribution of holes being negligible. 

With the charge sheet approximation, the depletion charge Q» is again given by (3.29). The 
inverted charge can then be expressed as 


W, W, — 2; —V W, 
Qi = Osi aa Op = — Ip Cox V Ur (V3 + exp y l (3.38) 
T 


Uy Ur 











3.6 CHARGE-POTENTIAL LINEARIZATION 
3.6.1 Linearization of Q,(¥%) 


Since n is only slightly dependent on Y%, it will be considered constant, which amounts to a 
linearization of the mobile inverted charge Q; in function of the surface potential W; [27]. 

Thus, although it is a (slow) function of %, n will become a fixed device parameter called 
the slope factor. It should be evaluated for the best coverage of the device operation range, as 
will be discussed in Section 3.6.4. 

The inverted charge Q; cannot be calculated from expression (3.32) or (3.38), since the 
surface potential W, cannot be expressed analytically as a function of the gate voltage Vg. 
Indeed, Figure 3.3 was obtained from equation (3.21) which cannot be inverted. However, the 
linearization of Q;(Y%) by means of the constant slope factor n can be exploited to obtain an 
explicit solution, as will be explained below. 

This linearization is illustrated in Figure 3.9, which is just a qualitative replication of 
Figure 3.7. With the slope factor n constant, the surface potential is related to its pinch-off 
value Wp by 


Qi =NnCox(W—%) or W = Wp + 2 (3.39) 
n Ox 
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Figure 3.9 Linearization of mobile inverted charge Q; with surface potential W, 


This expression can be introduced in (3.38) to eliminate Y% [41]. Arranging the result to extract 
Wp — 2®p — V yields 


Wp —20p — V — Q; 
p F = Q +In 
Ur nCoxUT 




















—Q;i —Qi 42 Qi A Wp 
Ty Coxv Ur Ip Coxv Uy nCox Ur Ur 
(3.40) 


This equation expresses a general relation between the density of inversion charge Q; and 
voltages V and Vg (since Y is a direct function of Vg given by (3.37)). 
The inversion charge can be normalized by introducing a specific charge Ospec 


qi = Qi/ Qspec (3.41) 

with 
Ospec = —2nUTCox. (3.42) 
The negative sign in Ospec takes care of the negative charge of electrons, whereas reasons for 


introducing the factor 2 will be explained later. Furthermore, voltages normalized to Ur will 
be represented by lowercase letters: 





V v © RA- 
Sen ( >) =U (3.43) 
v Yy 6 Yb 
Equation (3.40) then becomes 
2n 2n 
2qi + Ingi + In rr aT + 2/ Wp — 2g} | = Wp — 2¢r — v. (3.44) 
— 


Ush 


Due to the simplifications of the function F(W, 2®p + V) in (3.38), this expression is valid 
only for Yp >> 2qi (Yp = 2g; corresponds to ys = 0). Figure 3.10 shows the variation with qi 
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Figure 3.10 Voltage shift vsn in (3.44). 


of the term labeled vsn (voltage shift) in (3.44) for various values of Yp and yp, and with the 
slope factor n defined by (3.34) evaluated at W, = W. 

As can be seen, even for extreme values of yp and y the variation of vsn with qi never 
exceeds unity. The terms in gj can therefore be neglected, and (3.44) simplifies to 


2qi + Ing; + In (= Vir) = Wp — 26 — v. (3.45) 
apes 


Ush 


The remaining dependency of vsn on Wp is very weak; hence, vs, can be considered constant 
(evaluated for example at Yp = 2¢r). 

Equation (3.45) constitutes a general normalized relation between the pinch-off potential 
Wp, the local channel voltage V, and the resulting local inversion charge density Qi. Since 
Wp is a direct function of the gate voltage Vg given by (3.37), Q;(Vg, V) can be obtained by 
numerical computation. 

But Y is a particular value of the surface potential that does not appear explicitly in the 
measurable characteristics of the transistor. It is therefore very useful for circuit applications 
to relate the inversion charge (and later the drain current) to a particular value of the channel 
voltage V called pinch-off voltage Vp [72] and defined by 


A Vp A 


or, by using (3.44), 
Up = Wp — (de + Vsh). (3.47) 
Introducing this definition in (3.44) results in 
2qi + Ing) = Up — v. (3.48) 


This expression provides v(q;), but it cannot be inverted analytically to provide a general 
expression of gi(v). However, the two axes can be exchanged to represent qgi(v), as shown in 
Figure 3.11. 
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Figure 3.11 Normalized inverted charge vs. channel voltage 


In weak inversion, qi < 1; thus the linear term becomes negligible. The mobile inverted 
charge can be approximated by 


qi = exp (vp — v) (weak inversion). (3.49) 


In strong inversion, qi > 1; thus the logarithmic term becomes negligible. The mobile inverted 
charge can be approximated by 


Up — 


qi = J (strong inversion). 





(3.50) 


This approximation will be further discussed in Section 3.6.3. 


In moderate inversion, both terms contribute to the variation of mobile charge and neither 
approximation is valid. 


As expressed by (3.47) and shown by Figure 3.10, Wp — Vp is almost exactly constant. 
Hence by inspection of Figure 3.7, 


dVo dVo 


ONG: 2 GG T 3.51 
dVp de” GaN 


3.6.2 Linearized Bulk Depletion Charge Q, 
Differentiating (3.29) and introducing (3.34) give 


dQ4/Cox 


=1l-n” 
dw, 


(3.52) 
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as can be confirmed by inspection of Figure 3.7. Furthermore, its value Qpp at W, = Wp obtained 
from (3.29) is 


Oop = —1,Cox V Wp. (3.53) 
Using the charge-potential linearization introduced in Section 3.6.1, 
Qo = Qrp + (1 — ns — Yp)Cox = —LbCox y Yp + (1 — n)(% — Wp) Cox (3.54) 


where the linearized expression (3.39) of Q; can be introduced to obtain in normalized values 


Q Y/Y n-1 
= 3 Poi 7 ? — 4i. (3.55) 
spec 





dvb 


3.6.3 Strong Inversion Approximation 


AS was pointed out at the end of Section 3.2, in strong inversion the surface potential W, 
increases very slowly with the gate voltage Vg, due to the very rapid increase of the total 
charge in silicon Qsi. Thus, Y% can be assumed to be independent of Vg, and approximated, in 
view of Figure 3.3, by 


W, = W +V, (3.56) 


where W is a constant slightly larger than 2®p. 
Expression (3.32) of the inverted charge can then be rewritten as 


Qi = —Coxl Vo — (Vrs +H+V+IbVMtV)I- (3.57) 
pe 
Vip 


The threshold function Vrg(V) is identical to Vrg(Y) of Figure 3.7, but shifted by —W%, as 
shown in Figure 3.12(a). 
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Figure 3.12 Strong inversion approximation of inverted charge 
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For V = 0, Vrg has the particular value Vro called equilibrium threshold voltage, or in short 
threshold voltage: 


Vro = Vrp(V = 0) = Veg + Yo + py Wo. (3.58) 
This bias-independent device parameter corresponds to the threshold voltage Vr for Vs = 0 


used in other models. Its precise value depends on the value chosen for Wo. 
Introducing (3.58) in (3.57) yields 


Va Vio + V +n (Vo + V - V%). (3.59) 


According to its strong inversion approximation (3.50) derived from the general expression 
(3.48), the inverted charge would be zero when the channel voltage V reaches its pinch-off 
value Vp defined by (3.46). Hence, Vp can be obtained as the value of V corresponding to 
Vrs = Vg, as illustrated in Figure 3.12(a). Indeed, inspection of this figure shows that Vg 
depends on Vp exactly as Vrg depends on V. Thus according to (3.59), 


Vo = Vio + Vo + D (VF Ve- V'%). (3.60) 


which can be inverted to provide 


2 
Th I 
Ve = Vo — Vro — Ib y% — Vro + (2 + ws) — (2 + 7) 3 (3.61) 





The slope of Vg(Vp) is still n defined by (3.34) since 








dVrp dVrp dVcg Ib 
= = eel E ee ee 3.62 
m= ae e OT ee 


It should be evaluated at a value of V that best covers the range of operation. 
Since n is almost constant with V, inspection of Figure 3.12(a) shows that instead of using 
equation (3.61) the pinch-off voltage can be approximated by 


Vo — V 
Vp = T (3.63) 
n 
It also shows that, instead of using (3.57), the inverted charge can be approximated by 
ma Ds Ve =), (3.64) 


which corresponds to approximation (3.50). 

For a given value of the gate voltage Vg, the inverted charge can be plotted directly by 
first moving the V -axis to this value in the plot of Figure 3.12(a), and then vertically flipping 
around this axis to produce Figure 3.12(b). Changing Vg shifts the curve vertically, resulting 
in a change of Vp. 
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Figure 3.13 Relative error of inverted charge in strong inversion approximation 


By introducing expression (3.58) of Vro into (3.61) and comparing the result with expression 
(3.37) of Wp, we obtain 


Vp = Wp — W. (3.65) 
Hence, according to (3.47) 
Wo = Yp — Vp = 2dr +s or Wo =W— Vp = 20+ Voa. (3.66) 


Inspection of Figure 3.10 shows that v,, is almost constant, whereas Figure 3.3 shows that 
the surface potential keeps increasing slowly in strong inversion. This difference is due to the 
logarithmic term in (3.48), which has been neglected in approximation (3.50). It results in a dif- 
ference Aq; of the inverted charge qi that is represented in relative values in Figure 3.13. As can 
be seen, the excess of charge obtained in the strong inversion approximation never exceeds 18%. 

Notice that although the threshold voltage Vro was introduced in the framework of this 
strong inversion approximation, it can always be used to relate Vp to Vg by equation (3.61) or 
by its approximation (3.63). 


3.6.4 Evaluation of the Slope Factor 


As already stated in Section 3.6.1, the slope factor n defined by (3.34) should be evaluated to 
best fit the range of operation of the transistor. 

Inspection of Figure 3.9 shows that n would be best evaluated as the slope of the secant of 
the threshold function Vrg between a particular value of surface potential W, and its pinch-off 
value Wp. Indeed, the calculation of Q; by the linear relation (3.39) is then exact for the selected 
value of YW. This slope can be obtained from expression (3.33) of Vrg: 


Vre (Yp) — Vre (Y) P Ty 
Wp — Y, V+ JG 
In weak inversion, Q; is very small; therefore, W, X Wp, as can be seen in Figure 3.7. The 


secant merges with the tangent and slope n is obtained by introducing W, = Wp = Wo + Vp in 
(3.34) 


(3.67) 





n = nop = 


Ib Ib 


= | + —. 
2./ Wp 24/ Wo + Vp 





(3.68) 


n=ny=1+ 
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Hence, the slope factor in weak inversion depends only on the gate voltage through Vp. More- 
over, it has a particular physical meaning. Indeed, since the inverted charge Q; is negligible 
with respect to the depletion charge Q», inspection of Figure 3.7 shows that the slope factor 
can be expressed as 


_ dVG 
= w 


n 





(weak inversion only). (3.69) 


The surface potential follows almost linearly the gate voltage variations, but with an at- 
tenuation by factor n. This attenuation is produced by a capacitive divider made of the oxide 


capacitance Cox and the surface depletion capacitance Ca = —dQ»,/d¥%. Hence, 
Cox + C : i 
n = ny = csti (weak inversion only). (3.70) 


This series connection of Cox and Ca reduces the gate capacitance to 


T a ee 
Cox z Cox + Ca 3 nw 





(3.71) 


Hence, 1/nw can be identified on Figure 3.4 as the depth of the dip of the C,(Vg) curve, as 
shown in Figure 3.14. 

If the whole channel is in weak inversion (see Section 4.4.5), then the surface potential 
W, is constant along the channel, since it depends only on Vg, as shown by Figure 3.3. It is 
smaller than the lowest value of 2¢ + V, which is normally 2p + Vs. Thus the minimum 
value of the slope factor (max of 1/n), which occurs at the minimum of the C,(VG) curve, can 
be expressed as 


Ty 


2./20p + Vs 





(3.72) 


n = Nw min = 14+ 


The surface potential cannot be much lower than this upper limit, since the inversion charge de- 
creases exponentially and would rapidly become so small that the transistor would be blocked. 
Hence, nw is usually not much larger than its minimum value ny min given above. 
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Figure 3.14 Value of the slope factor n in weak inversion 
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Figure 3.15 Possible evaluations of slope n in strong inversion (nonlinearity of Vrg(V) strongly 
exaggerated) 


In strong inversion, evaluating the slope at pinch-off (n = nw) results in a too small value, 
as illustrated in Figure 3.15, where the nonlinearity has been strongly exaggerated. 
Another possibility is to evaluate it at V = 0 (W, = Yo), resulting in [17] 


Ib 


This evaluation is independent of any bias voltage and can thus be used as a first approximation, 
but it is overestimated as shown in Figure 3.15. 

The same figure shows that a better solution would be to use the slope of the secant from 
V = 0 to V = Vp, obtained by introducing Wp = W + Vp and Y% = W% in (3.67), 


Ty 





n = nsc = 1+ >, (3.74) 
~V Do + Vp + /% 
or to evaluate the slope (3.34) at W, = W + Vp/2, 
Ty 
n=n,=1+ (3.75) 


JY + Vp/2’ 


which gives a slightly lower value. 

According to (3.66), the value of Yo — 2®r is just a few Ur. Hence, Wo can be replaced by 
2@r in the above evaluations of n, without much affecting the result. 

It must be pointed out again that the dependency of n on bias voltages is very weak, the main 
dependency being on Vg. Thus the error produced by a nonoptimum evaluation is probably 
within the spreading range of the various process parameters. 

However, this slight difference might be a cause of mismatch between devices at different 
bias conditions, especially at different values of the gate voltage. 
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3.6.5 Compact Model Parameters 


Equation (3.48) describes the general charge—voltage relationship for a long-channel transistor. 
This equation is dimensionless and uses normalized variables. Only three model parameters 
and one physical parameter are needed to obtain from it the relation between applied voltages 
Vg and V, and the resulting inverted charge density Qj. 
The physical parameter, used to normalize all voltages in the dimensionless equation is Ur. 
The following are the three device parameters: 


1. The slope factor n defined in Figure 3.7 and by equation (3.34). This parameter was further 
discussed in Section 3.6.4. 


2. The threshold voltage Vro defined in Figure 3.12 and by equations (3.58) and (3.66). It is 
very slightly dependent on Vg through W, (see Figure 3.10), but can be considered bias 
independent in practice. 

These first two parameters relate the gate voltage Vg to the pinch-off voltage Vp according 
to (3.63). 


3. The oxide capacitance per unit area Cox. It is combined with n and Ur to obtain the specific 
charge Qspec defined by (3.42) and is used to normalize the charge density. 


Introducing these parameters in (3.48) provides the nonnormalized general charge—voltage 
relation: 
=i —Qi 


Ur In = 
a e 








Vo — Vro — nV. (3.76) 


We can see that Ur plays an important role in weak inversion where the logarithmic term 
dominates. This role disappears in strong inversion when the logarithmic term becomes neg- 
ligible. 


4 Static Drain Current 








In this chapter, the model of the static current-voltage characteristics of the transistor is derived. 
In Section 4.1, the drain current [p is shown to be directly related to the charge—voltage relation 
established in the previous chapter. Section 4.2 introduces the important concept of forward 
and reverse components of Jp, and Section 4.3 defines the various modes of operation of the 
transistor. Section 4.4 details the derivation of the drain current for all current levels from the 
linearized charge model, with its approximations in strong and weak inversion. Section 4.5 is 
dedicated to a fundamental property of the transistor that facilitates its modeling and opens 
interesting circuit approaches through the concept of pseudo-resistor. Finally, Section 4.6 
introduces a first approximation of the channel length modulation phenomenon, which limits 
the output resistance in saturation. 


4.1 DRAIN CURRENT EXPRESSION 


When the source and drain voltages are different, electrons of density np forming the mobile 
inverted charge Q; move by a combination of drift and diffusion, resulting in a drain current 
Ip defined in Figure 2.1. For the long channel considered here, all elementary flows of current 
are along the x-axis with a local current density in this direction given by [67] 





Jn = saat 4.1 
n = uq Pea Ula, i (4.1) 
= 
drift diffusion 


where u is the equivalent mobility of electrons in the channel. The first term is the drift 
component of the current, proportional to the longitudinal electric field —dW/dx. The second 
term is the diffusion component, proportional to the gradient of charge concentration dnp/dx. 

With the charge sheet approximation, integration in the vertical direction (z-axis) is obtained 
by replacing gn, by —Q;. Moreover, if the channel is sufficiently wide, integration along the 
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y-axis is simply a multiplication by width W. Thus [1], 





pala sree (4.2) 
DZH Qi 45 + Ur dx l’ . 
SS 
drift diffusion 


Since the whole charge Q; of electrons is assumed to be concentrated at the surface, the 
concentration of electrons (3.5) can be replaced by 





W — r- V 
Qi x ep ==, (4.3) 
Ur 
Therefore 
dQi i {dw dV 
Q = Q ; (4.4) 
dx Ur \ dx dx 
which when introduced in (4.2) yields 
dV 
Io = WQ) (4.5) 
x 


This expression includes the drift and the diffusion components and shows that the overall 
current is proportional to the gradient of channel voltage V (which is a quasi-Fermi potential, 
as discussed in Section 2.1). Now, since the current is constant along the channel, (4.5) can be 
integrated from source to drain: 


L Vp 
hf a= f uW(-QDdV. (4.6) 
0 Vs 


In this basic model, mobility u and channel width W are assumed to be constant. The depen- 
dency of u on the vertical field E, and the horizontal field Ey will be introduced in Part II. 
The effect of a possible variable channel width will be discussed in Section 4.5.2. Since only 
Q; changes along the channel, equation (4.6) becomes 





V _g. 
Ip = 8 Qi ay, (4.7) 
Vs Ox 
where 
W 
b Š Ux (4.8) 


is the transfer parameter of the transistor depending on the width over length ratio of the 
channel. 

Equation (4.7) is a very interesting result, since it shows that the drain current can be 
obtained directly from the Q;(V) as is illustrated in Figure 4.1. This result is independent of 
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Figure 4.1 Drain current according to (4.7) 


the shape of Qi(V). It is valid for all values of the source and drain voltages, including those 
larger than the pinch-off voltage Vp, for which the inverted charge is very small. 

As established in Chapter 3, a variation of the gate voltage Vg shifts vertically the whole 
strong inversion part of the curve by the same amount, whereas the weak inversion part is 
shifted horizontally to follow the variation of Vp. 


4.2 FORWARD AND REVERSE CURRENT COMPONENTS 


Since the mobile charge Q; tends to zero for V tending to infinity, the integral (4.7) can be 
rewritten as 





S=; Oi 
p= dV —B dV = p- k. (4.9) 
Vs Cox Vp Ox 
— 
forward current Jp reverse current Ip 


The drain current can thus be expressed as the difference between a forward current Ip and a 
reverse current Ip, as illustrated in Figure 4.2. Jp depends on Vg and Vs, but not on Vp, whereas 
Ip depends on Vg and Vp, but not on Vs. Furthermore, according to (4.9), Ip(Vs) = IR(Vp): 
Ip and Ip are indeed two values of the same function of V. 

Thus, the drain current is the superposition of independent and symmetrical effects of the 
source and drain voltages. This is a property of MOS transistors that is independent of the 
shape of Qi(V) [73]. Its limits of validity will be discussed in Section 4.5. 
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Figure 4.2 Decomposition of the drain current into forward and reverse components 
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4.3 MODES OF OPERATION 


With the bias situation illustrated in Figure 4.1, both Vs and Vp are in the section of the Q;(V) 
characteristics corresponding to strong inversion. The channel is strongly inverted from source 
to drain and the transistor is said to be in linear mode. This terminology refers to the fact 
that the drain current is a linear function of the gate voltage, as will be shown in Section 
4.4.4. Alternative appellations are nonsaturation mode [1] (meaning that the drain current 
keeps increasing with the drain voltage) and triode mode (referring to the nonsaturating output 
characteristics of the old triode vacuum tube). In French, this mode is called conduction [17], 
and this terminology has been previously used in some of the authors’ publications. 

If the drain voltage Vp is increased above the pinch-off voltage Vp, then the current does 
not increase significantly anymore: the transistor is still in strong inversion, but in forward 
saturation. Forward saturation can be characterized by the fact that the reverse current becomes 
negligible compared to the forward current: 


in (forward) saturation: Ip < Ip thus Jp = Jp. (4.10) 


It can be noticed that the negligible reverse component is in fact in weak inversion, as is the 
drain end of the channel. 

Now, if both Vp and Vs are larger than Vp, then the whole channel is weakly inverted, and 
the transistor is said to be in weak inversion mode. 

These various modes of operation are summarized in Figure 4.3 that represents the Vs, Vp 
plane for a given positive value of Vp (thus for a given value of Vg > Vro). 

The part of the plane above the Vp = Vs line corresponds to the forward modes described 
above, for which Jp > 0. The other half of the plane corresponds to the reverse modes, with 
Vs > Vp; therefore, Ip < 0. It includes reverse saturation with 


in reverse saturation: Ip < Ip thus Jp = —lp. (4.11) 


In forward strong inversion, the transistor enters saturation for Vp > Vp; thus, the source 
to drain voltage necessary for saturation is 


VDssa = Vp — Vs (in strong inversion). (4.12) 
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Figure 4.3 Modes of operation of a MOS transistor 
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This saturation voltage is also represented in the figure. It decreases when Vs approaches Vp. 
However, it never reaches zero since (4.12) is no longer valid close to or in weak inversion. 

In weak inversion, the mobile charge, and thus the two components of current, decrease 
exponentially with Vs / Ur and Vp / Ur. This mode can be obtained even for zero value of source 
voltage if the pinch-off voltage Vp is made negative. According to (3.63), this is obtained when 
Vg < Vro, hence the alternative appellation of subthreshold mode of operation. 

When the larger of Ip or Jp becomes sufficiently small, the transistor is considered to be 
blocked. 

It must be reminded that, although Vp is used as the limit between strong and weak inversion 
in Figure 4.3, the transition is progressive through a range of moderate inversion, where all 
terms of relation (3.48) are significant. 

According to the definitions of positive voltages in Figure 2.1, the source and drain junctions 
are reverse biased in the first quadrant represented in Figure 4.3. Both Vs and Vp can be slightly 
negative without qualitatively changing the modes of operation described above. However, if 
these negative values exceed a few hundreds of millivolts, the forward-biased junctions inject 
minority carriers (electrons for the N-channel transistor) in the local substrate. A parasitic 
bipolar transistor is superimposed on the MOS transistor. This bipolar mode of operation can 
be usefully exploited if MOS operation is blocked by applying a negative gate voltage [68,74]. 


4.4 MODEL OF DRAIN CURRENT BASED ON 
CHARGE LINEARIZATION 


4.4.1 Expression Valid for All Levels of Inversion 


By normalizing the charge and voltages according to (3.41) and (3.43), the general drain current 
(4.7) expression becomes 


va 
b = ie qi dv, (4.13) 
where Ispec is the specific current of the transistor defined by 
A W W 
Lspec = WU TC- Ospec) = 2nUCox UF = 2nBUr. (4.14) 


All currents can be normalized to this specific current according to 


vf I I 
ee ypc (4.15) 
ld lf lr 


The normalized values of drain current Ip, forward current Ip, and reverse current Jp defined 
by (4.9) can then be expressed as 


Va CO CO 
ig = | qi dv, if = / qi dv, and ir = I qi dv. (4.16) 
v v, va 


s 's 
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Figure 4.4 Normalized charge after linearization with surface potential, and resulting drain current 


An analytic expression relating the channel voltage and the inverted charge was derived in 
Chapter 3 (equation (3.48); Figure 3.11) based on the linearization of Q;(W,) by means of the 
slope factor n. It is represented again in Figure 4.4 with the drain current shown according to 
(4.16). The particular values of the source and drain voltages correspond to the linear mode. 
From (3.48), the element of channel voltage dv can be expressed as 


dv = —(2 + 1/qi) dqi, (4.17) 


which when introduced in (4.16) yields 


qs,d 
E i, TARTE ET (4.18) 
0 


where q,.q is the value of normalized charge density q; at the source or at the drain end of the 
channel. 
The normalized forward or reverse component of drain current is thus given by 


tee = qa + qsa. (4.19) 


It should be reminded that this result was obtained by integrating the Q;(V) function for 
its particular expression obtained by linearizing Q;(W,) according to (3.35). It is a very simple 
expression, thanks to the factor 2 included in the definitions of Qspec (3.42) and Ispec (4.14). 

An alternative approach is possible by introducing the same linearization to eliminate the 
surface potential W, from the original drain current expression (4.2), resulting in 








=O) dQi 
ip = nw (+u) 2, (4.20) 
nNCox dx 


or, by normalizing the charge and the current according to (3.41) and (4.15), and the position 
x along the channel by £ = x/L, 


gona (4.21) 
iq = —(2qi —. $ 
d q dé 
Integration along the channel (£ = 0 to 1) then yields 
qa 5 $ 
u= | -O+ Dag = (42 + 40) = G8 + 43) = ir- he (4.22) 
4s 


where i¢ and i, are given by (4.19). 
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Figure 4.5 Normalized forward or reverse current: (a) from charge model (4.25); (b) strong inversion 
approximation (4.29); (c) weak inversion approximation (4.33); (d) from the interpolation formula 
(4.39) between weak and strong inversion approximations 


Now, equation (4.19) can be associated with (3.48) applied at the source or at the drain end 
of the channel 


Up — Usd = 24s,d +I1n qs,d (4.23) 


to obtain the relation between drain current components is, and bias voltages vp — vs,q in a 
parametric form. The parameter (qs,4) can be expressed by inverting (4.19): 


\/1 4+ 4ige — 1 
4,4 = 1 (4.24) 
2 
It can then be inserted in (4.23), which yields 


Up — Usa = y/1 + 4igy + In (y/1 F ig: — 1) — (1 + 1n2). (4.25) 


This general expression cannot be inverted to provide ifr as a function of vs,a, but it can be 
plotted as shown in Figure 4.5 (curve a). 


4.4.2 Compact Model Parameters 


Equation (4.25) describes the general current—voltage relationship for a long-channel transistor. 
It is continuously valid from weak to strong inversion. 

Only three model parameters and one physical parameter are needed to obtain from this 
dimensionless equation the relation between bias voltages Vg and Vs p, and the resulting 
current component Jp. 

The physical parameter is Ur. It is used to normalize all voltages in the dimensionless 
equation. 
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The three device parameters are: 


. The slope factor n defined in Figure 3.7 and by equation (3.34). This parameter was further 


discussed in Section 3.6.4. 


. The threshold voltage Vro defined in Fig (3.12) and by equations (3.58) and (3.66). It is 


very slightly dependent on Vg through yp (see Figure 3.10), but can be considered bias 
independent in practice. 

These first two parameters relate the gate voltage Vg to the pinch-off voltage Vp accord- 
ing to (3.63). They were already introduced to obtain the charge—voltage relationship in 
Chapter 3. 


. The transfer parameter $p. It is combined with n and Ur to obtain the specific current spec 


defined by equation (4.14) and is used to normalize components Ip and Jp of the drain 
current. 


The drain current in all the modes of operation of the transistor identified in Figure 4.3 


can be obtained by subtracting Jp(Vp, Vc) from Ip(Vs, Vg) according to (4.9). However, these 
two components of the drain current cannot be obtained analytically from (4.25) since this 
expression cannot be inverted. This is the reason for the approximative curve d of Figure 4.5, 
which will be introduced in Section 4.4.6. 


4.4.3 Inversion Coefficient 


In equation (4.25), the first term that corresponds to strong inversion dominates for ir; >> 1, 
whereas the second term corresponding to weak inversion dominates for is, < 1. Thus, the 
specific current spec can be used to characterize the current level at which Jp or Jp changes 
from weak to strong inversion. The level of inversion of the whole transistor can then be 
characterized by an inversion coefficient IC defined by 


IC = max (ig T If/Tspec, ir = Ir/ spec), (4.26) 


and the diagram of Figure 4.3 can be replaced by that of Figure 4.6. 


IR 
eae 
spec ona 























































































































































































































Figure 4.6 Modes of operation characterized by current levels 
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Again, although 7C = 1 is used in this diagram as the limit between weak and strong inver- 
sion, the transition is progressive through a zone of moderate inversion. Hence the transistor 
operates in 
— weak inversion for IC < 1; 
— strong inversion for IC > 1; and 
— moderate inversion for I/C =1. The width of this zone is not precisely defined. 
It must be extended until the weak or strong inversion approximation is sufficient to reach 
the expected accuracy (see Figures 4.7 and 4.10). 
The notion of inversion coefficient is qualitatively equivalent to that of gate voltage overhead 
Va — Vro — n Vs = Vas — (Vro + (n — 1)Vs) = n(Vp — Vs) (4.27) 
to characterize the level of inversion. However the latter is not very convenient in moderate 
or weak inversion where a small variation of voltage produces a large variation of current. 
Moreover, the gate voltage overhead becomes negative in weak inversion. 
4.4.4 Approximation of the Drain Current in Strong Inversion 
As established in Section 3.6.3, the inverted charge in strong inversion can be approximated 
by the linear function of Vp — V described by equation (3.64). The corresponding forward and 


reverse components of the drain current are obtained by introducing this expression in integral 
(4.9) as illustrated in Figure 4.7(a), which yields 


n 
IFR = Oe — Vsp) for Vp-— Vsp > Ur (4.28) 


or, with normalized voltages and currents 


2 
a (==) Of Up — vsa = 2V/in. (4.29) 
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Figure 4.7 Strong inversion approximation: (a) calculation of current; (b) relative error 
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Figure 4.8 Characteristics in strong inversion: (a) gate-to-drain transfer characteristics; (b) output 
characteristics 


It can be verified that, for ig, >> 1, the general expression (4.25) of vp — vs,ą tends toward 
(4.29). However, since approximation (3.50) of the mobile charge was resulting in an excess 
of charge, (4.28) and (4.29) result in an excess of current that is hardly visible in Figure 4.5. 
This error is explicitly represented in Figure 4.7(b), which shows that the excess of current in 
strong inversion never exceeds 14%. 

The current in linear mode can be expressed by introducing the approximation (3.63) of 
Vp(Va) in (4.28) and by subtracting Zp from Jp: 





Ip = £ [Vo — Vro — n Vs}? — (Vo — Vro — n Vb)" 
_—_—_ OS Cl 
forward reverse 
n 
= (Vp — Vs)[Va — Vro — z0 + Vs)]. (4.30) 


The drain current is indeed a linear function of the gate voltage (with an offset Vro + n(Vp + 
Vs)/2), because it is the difference of two identical square laws shifted by n(Vp — Vs), as 
illustrated in Figure 4.8(a). 

If the gate voltage is reduced below Vro + n Vp (corresponding to Vp > Vp), then the reverse 
current becomes negligible and the transistor is in forward saturation with Ip = Ip given by 


Bn Bn B 
bes = Vs)? = > Vossa = Ver Vie nV’. (4.31) 


The drain current is a square law function of the gate voltage and is, as expected, independent 
of the drain voltage. 

Combining the second expression of this saturation current with definitions (4.26) and 
(4.14) provides the relation between saturation voltage and inversion coefficient 7C in strong 
inversion: 








Vp—Vg\"? — ( Vossar \” 
IC = ( T 5) = ( pes) (strong inversion only). (4.32) 


If the gate voltage is further reduced below Vro + nVs (corresponding to Vs > Vp), then 
the forward mode becomes zero and the transistor is blocked in this approximation. 
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4.4.5 Approximation of the Drain Current in Weak Inversion 


As established in Section 3.5, the inverted charge in weak inversion can be approximated by 
the exponential function of Vp — V described by equation (3.49). The corresponding forward 
and reverse components of drain current are obtained by introducing this expression in integral 
(4.16) which yields 


ify = eEXp (Vp — Usa) OF Vp — Ue a = ln ifr. (4.33) 


It can be verified that the second form of (4.33) is the asymptotic value of vp — vs.q given by 
the general current expression (4.25) for igs < 1. 
For nonnormalized variables, (4.33) becomes 


Vp — Vs,D 


U; (4.34) 


IFR = Tspec exp 


It should be pointed out that (unlike what is suggested by Figure 4.1) weak inversion is 
usually obtained by applying a value of gate voltage Vg smaller than the threshold Vro, hence 
the alternative appellation of “subthreshold” for this mode of operation. The pinch-off voltage 
Vp then becomes negative, as illustrated in Figure 4.9, and weak inversion is already reached 
for Vs = 0. 

The same figure shows that the approximation is valid only for V — Vp >> Ur, and hence 
for Irr & Ispec. It yields an excess of current, which can be calculated by comparing (4.33) 
with (4.25). This error represented in Figure 4.10 is already about 10% for Ip.r/Ispec = 0.1. 

The drain current equation is obtained by introducing approximation (3.63) of Vp(Vg) in 
(4.34) and by subtracting Zp from Jp: 


Ip = Ispec €XP 





Vo — Vro — Vs — Vp 

oh (cx U, exp Ur ) for IC <1, (4.35) 
where the first and the second term in the parentheses are the distinctive parts of Jp and Ip, 
respectively. This equation is valid as long as the inversion coefficient ZC defined by (4.26) is 
sufficiently smaller than unity. 

This expression can also be obtained from expression (4.19) of the components of the drain 
current, where the square term becomes negligible for qsa K 1. Returning to denormalized 
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Figure 4.9 Weak inversion approximation 
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Figure 4.10 Relative excess of current in weak inversion approximation 


charge Qis and Qip at the source and drain ends of the channel defined by (3.41) results in 





Ty ec Qi -m Qi 
b=hk-hk= a (Qis Qio) = Wur S. (4.36) 
spec 
dQi/dx 


in which expression (3.49) of the mobile charge can be used to replace Qis and Qip, and ends 
up with (4.35). 

The comparison of equation (4.36) with (4.2) shows that it is a current carried only by 
diffusion. Indeed, according to Figure 3.3, the surface potential in weak inversion depends 
only on the gate voltage and is therefore constant along the channel. Thus, the current in 
weak inversion can only be carried by diffusion. The current carriers (in this case electrons) 
are locally majority carriers, since the holes have been repelled away from the surface. The 
channel length can thus be much longer than the diffusion length of minority carriers deep in 
the substrate. 

As discussed in Section 3.6.4, in weak inversion the slope factor n represents the attenuation 
of the capacitive divider formed by C,, and the surface depletion capacitor Ca. Its value can 
be evaluated as nw min given by (3.72). 

The dependency of the drain current on the three control voltages expressed by equation 
(4.35) is illustrated in Figure 4.11. 

The drain current saturates to its forward value Jp as soon as the drain voltage exceeds the 
source voltage by 3Ur to 5Ur, as illustrated by the output characteristics. The output saturation 
voltage Vps sat, Which is given by equation (4.12) in strong inversion, is progressively reduced 
as the inversion coefficient is decreased by reducing Vp — Vs, but it is limited to the minimum 
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Figure 4.11 Characteristics in weak inversion: (a) output characteristics; (b) transfer from gate; (c) 
transfer from source 
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obtained in weak inversion: 
VDs sat = VDS satmin = 3 Ur to 5Ur (weak inversion). (4.37) 
If Vg = Vs = 0, the saturation current (Ip in forward mode) is reduced to 


— Vro 





Iw & Tspec EXP (4.38) 


nUr 


In digital CMOS circuits, this is the residual channel current of “off” transistors, which is 
responsible for their DC current consumption. 

According to equation (4.35), the transfer characteristics from the gate are exponential, 
corresponding to straight lines with slope 1/n in the normalized values used in the semilog 
plot of Figure 4.11(b). In saturation, if Vs is increased by some amount AVs, Vg must be 
increased by nAVs to recover the same drain current, corresponding to a right shift of the 
characteristics. Furthermore, since according to (3.72) n decreases slightly for Vs increasing, 
the shifted line is slightly steeper. 

The transfer characteristics from the source are also exponential in saturation, but without 
slope factor n. Thus, they correspond to straight lines of slope 1 in the normalized semilog 
plot of Figure 4.11(c). This exponential behavior is very similar to that of a bipolar transistor 
in active mode, the base-emitter voltage Vgg being replaced by — Vs. Indeed, according to 
equation (3.49), the mobile charge Qis at the source end of the channel depends exponentially 
on the source voltage — Vs, and the saturation current Jp is a linear function of this charge. 
Similarly, in a bipolar transistor, the density of minority carriers at the emitter side of the base 
depends exponentially on Vgg, and the collector current is a linear function of this density. 

But contrary to the bipolar, the junction is normally reverse biased. Hence, there is no carrier 
injection into the local substrate. 


4.4.6 Alternative Continuous Models 


As already pointed out, the general expression (4.25) relating the control voltages (vp, Vs, and 
va) and the two components of the drain current (i and i,) cannot be analytically inverted to 
calculate currents from voltages. It is therefore useful to introduce an approximative expression 
that continuously interpolates the current behavior between weak and strong inversion. One 
possibility is the simple following expression [19]: 


ifr = In? i + exp moe OF Vp— Ys, = 21n (ovis — i): (4.39) 


This expression is plotted in Figure 4.5 (curve d) for comparison with the exact expression 
(4.25). 

It can be verified that this continuous approximation tends asymptotically to the strong 
inversion approximation (4.29) for vp — vs,a >> 1, and to the weak inversion approximation 
(4.33) for vp — Usa & 1. 

It coincides with the exact model (4.25) at ig, = 6.48, giving a value of currents slightly 
higher above and slightly lower below this limit. 
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4.5 FUNDAMENTAL PROPERTY: VALIDITY 
AND APPLICATION 


4.5.1 Generalization of Drain Current Expression 


The fundamental property of long-channel MOS transistor obtained in Section 4.2 can be 
generalized [73] if equation (4.5) of the drain current can be written in the form 


FV(V, Vo) d 
pe (4.40) 
F(x, Vg) dx 


where Fy(V, Vg) is a function of V and Vg but not of x, and Fy(x, Vg) is a function of x and 
Vg but not of V; Ip is then a separable function of position x and voltage V in the channel. As 
long as the channel length L is independent of Vp and Vs, F(x, Vg) and Fy(V, Vo) can then 
be integrated separately: 


L Vb 
r | F(x, Vg) dx = J FY(V, Vo) dV. (4.41) 
0 


Vs 


Now, since Fy(V, Vg) tends to zero for large V, this expression can be written as 





Ip = eS fo FY(V, Vg) dV — a FV, vav (4.42) 
Jo Fx@, Va)dx LJvs Vp 
or 
Ip = I(Vs, Va) — I(Vp, Vo) = Ir — IR, (4:43) 
where 
I(V, Vo) = Jy EW, Va) dV (4.44) 


Jo Fax, Va) dx ` 


This result is a generalization of (4.9), expressing the fact that the drain current is the 
superposition of independent and symmetrical (same function I) effects of source and drain 
voltages. 

It is interesting to point out that this property is similar to that of bipolar transistors as 
expressed by the Ebers—Moll model [18]. 


4.5.2 Domain of Validity 


Let us examine the necessary and sufficient conditions for which equation (4.5) has the required 
form (4.40). 

The channel width W does not depend on V. It may thus depend on position x along the 
channel, and therefore can be included in F(x, Vg). For example, in a concentric circular 
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transistor, 


WO = 2a Re) = Fo (4.45) 


where Rs is the radius of the source. Thus 


z 1 L 
I F(x, Vg) dx = — ln | 1+ — ], (4.46) 
0 27 Rs 


which replaces L/W in equation (4.8) of £. 

In a more general case, the device can be split into several (or an infinity of ) transistors 
of different lengths and variable widths, all connected in parallel. As long as each transistor i 
fulfills equation (4.40) with 


Ini = 4(Vs, Vo) — (Vp, Vo), (4.47) 


the sum of Jp; fulfills it as well. 
Equation (3.32) of the mobile inverted charge per unit area Q; can be rewritten by introducing 
expression (3.30) of Iņ: 


— Qi = Cox( Va = VFB Er W,) = vV 24 Nvésis, (4.48) 


which is a function of W,. Now, Figure 3.3 shows that W, is possibly a function of V, but not 
of x. Hence if (and only if) Vg — Veg, Np and Cox are all independent of x (homogeneous 
channel), then Q; is a function of V only. It can then be included in Fy(V, Vg) and the property 
is not affected. 

The property is conserved if any other term in expression (4.48) of Q; also depends on V (or 
on Y,, but not on x). This includes the effect of gate polysilicon depletion, which is equivalent 
to a value of Cox function of W. 

If the doping concentration Np is a function M (z) of the depth z in the substrate, then the 
last term of (4.48) that represents the depletion charge density Q» becomes a different function 
W,, as will be discussed in Section 8.3. However, the property is not affected as long as this 
function remains independent of x (homogeneous channel). 

If the channel is nonhomogeneous along its lateral dimension (y-axis), the device may 
again be split into several transistors i connected in parallel, each of them fulfilling (4.47). 
This includes the possible difference of side structures of a narrow channel transistor, for which 
the fundamental property is therefore not affected. 

As will be discussed in Section 8.2, the value of mobility u depends on the local vertical 
surface field E}. Now, combining (3.17), (3.19), and (3.22) yields 


Cox 
(Vo — Ves — Y), (4.49) 


S1 


Ezs = 





which depends only on Y% (thus possibly on V) for a homogeneous channel. The variation of 
mobility with the vertical field can therefore be included in Fy(V, Vg) and does not affect the 


property. 
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But the mobility should be independent of the drain current Ip. Indeed, such a dependency 
could be included neither in Fy(V, Vg) nor in F(x, Vg), hence, the property would not be 
conserved. 

As another necessary condition, the effective value of the channel length L along which 
F(x, Va) is integrated in (4.41) should be constant. It should not depend on the drain current 
Tp, or on the drain or source voltage Vp or Vs. 

In summary, the fundamental property of MOS transistors expressed by equation (4.40) is 
valid if (and only if) the channel is homogeneous along its source—drain dimension (x-axis) 
with a fixed effective length, and if (and only if) the mobility is independent of the drain current. 
The property depends neither on the shape and width of the channel nor on the doping profile 
of the substrate. It remains valid for large gate voltages, in spite of the mobility reduction due 
to the vertical field. 


4.5.3 Causes of Degradation 
4.5.3.1 Finite length of channel 


When the channel is not very long, several independent mechanisms degrade the fundamental 
property. This is the most important reason why this property is never perfectly valid in practice. 


Channel length modulation. As will be discussed in Section 4.6, when the drain (or source) 
voltage is increased, the effective channel length is slightly reduced by the extension of the 
depleted region surrounding the drain (or the source). As expressed by (4.59) or (4.61), the 
forward current Ip (or reverse current Jp) is therefore slightly dependent on the drain voltage 
Vp (or the source voltage Vs), which is not compatible with (4.43). Since this effect is inversely 
proportional to L, the property is progressively degraded when the channel is shortened. 


Short-channel effects. If the channel length is reduced more than proportionally to the gate 
and drain voltages, the longitudinal field in the channel is increased. Hence, the velocity of 
mobile carriers is increased, resulting in an increase of drain current. However, at high values, 
this velocity starts increasing less than proportionally to the field, to finally reach a saturation 
limit. Thus, mobility u becomes a function of the field (or of the current), as will be discussed 
in Section 9.1. 

This variation cannot be included in F(x, Vg) or Fy(V, Vag) as required by (4.40), and the 
property is degraded. 

For very short channel, additional effects such as drain-induced barrier lowering discussed 
in Section 9.3 and other two-dimensional effects further degrade and possibly destroy the 


property. 


4.5.3.2 Nonhomogeneous channel 


Referring to equation (4.48), if any term of its right-hand side depends on position x along 
the channel, it makes Q; a (nonseparable) function of both x and W, (hence of V); relation 
(4.40) is then no longer valid, and the property is lost. This is true even if the nonhomogeneous 
channel remains symmetrical with respect to source and drain: indeed, the effects of source 


FUNDAMENTAL PROPERTY: VALIDITY AND APPLICATION 49 


and drain voltages on Jp remain symmetrical, but they are neither independent nor linearly 
superimposed. 

Since és; and Vg are normally constant along the channel, three terms remain to be examined 
in (4.48), namely N», Veg, and Cox. 

Variations of substrate doping NM, can be due to some intentional channel engineering such 
as lightly doped drain (LDD) and “halo” implants, or to some artifact of the process like 
the piling-up of impurities at both ends of the channel. Whatever the process, variations of 
Np always occur at the very ends of the channel, due to the presence of the source and drain 
diffusions. This is yet another reason why the fundamental property is lost in very short channel 
devices. 

Since the flat-band voltage Veg depends on the Fermi-level of silicon in the channel, it 
is variable as long as the doping concentration is itself variable. Further variations of Vpg 
could be due to variations of the fixed interface charge, as a consequence of non source—drain 
symmetrical channel engineering. 

There is no reason to intentionally change the value of the oxide capacitance Cox along the 
channel. However, local variations at both ends of the channel are unavoidable, which further 
contributes to the degradation of the property for short-channel devices. 


Weak inversion represents a special case. It is characterized by the fact that, all along the 
channel, the mobile charge Q; is negligible with respect to the depletion charge Qp. As a conse- 
quence, the function F defined by equation (3.16), which relates the vertical surface field to the 
surface potential, becomes independent of the channel voltage V, as illustrated in Figure 3.1. 
Using equations (3.27) and (3.28), the mobile charge density can thus be expressed as 


—V 
A T (4.50) 
Ur 


where function Fq is independent of V . It can therefore depend on x and be included in Fx of 
(4.40), whereas Fy reduces to 


Fy = exp m (weak inversion only). (4.51) 
T 

Since Fy contains all other parameters on which Q; depends, namely Vg — Vpp, Cox, and 
Np, these parameters may change along the channel without affecting the property. 

In weak inversion, the fundamental property expressed by (4.43) is thus valid even for a 
nonhomogeneous channel. This is true also for bipolar transistors operated in moderate injec- 
tion, and can be traced back to the fact that the current is a linear function of the mobile charge 
density. This linearity exists as long as the charge carriers do not affect the electrostatic poten- 
tial: indeed, they are dominated respectively by the depletion charge Q» for MOS transistor in 
weak inversion, and by majority carriers for the bipolar transistor in moderate injection. 


4.5.4 Concept of Pseudo-Resistor 


By defining [75,76] a pseudo-voltage V* given by 


[0.0] 
Vr= -Ko | EV(V, Vg) dV (4.52) 
Vv 
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and a pseudo-resistance R* given by 
L 
R* = Ko | F(x, Vo) dx, (4.53) 
0 


equation (4.43) of the drain current can be written in the form of a pseudo-Ohm’s law 
Ip = (VŠ — VŠ)/R*. (4.54) 


Hence, by similarity with a network of linear resistors, any network obtained by interconnecting 
the transistors characterized by the same function Fy(V, Vg) (same process) biased (in the 
general case) at the same gate voltage Vg is linear with respect to currents. In other words, at 
each node of such a network, currents split linearly in the various branches [77]. 

Thus, any prototype network made of real linear resistors may be converted to a pseudo- 
resistor network made of transistors only, provided only currents are considered. A ground 
in the resistor prototype (V = 0) corresponds to a pseudo-ground in the transistor network 
(V* = 0) obtained by choosing V large enough to make integral (4.52) negligible. This means 
that the corresponding side of the transistor is saturated. 

The constant Ko introduced in (4.52) and (4.53) is always positive. Hence, pseudo-voltages 
for N-channel transistors are always negative. This means that real voltages in the corresponding 
prototype made of resistors must also be negative (with respect to the ground). 

It must be noticed that for P-channel transistors, the “minus” sign in (4.52) must be replaced 
by a “plus” sign (with the sign conventions defined in Section 2.2). Hence, pseudo-voltages 
for P-channel transistors are always positive. 

The numerical value of Ko is irrelevant, since it disappears in (4.54), but its dimension can 
be chosen so as to obtain the dimension of V* in volts, and that of R* in ohms. 

It should be pointed out that, although a narrow channel does not affect the fundamental 
property of a transistor, it has an effect on function Fy( V, Vg). This function may differ from 
that of a wider channel, thereby degrading the linearity of current splitting. 

For the special case of weak inversion, (4.51) shows that Fy and hence V* are independent 
of Vg. The linear pseudo-Ohm’s law is thus valid even for transistors having different gate 
voltages. Now since Fy in (4.50) depends on Vg and is included in Fx, the value of pseudo- 
resistor R* given by (4.53) can be controlled separately for each transistor by its gate voltage. 
Furthermore, linear current splitting is maintained even with narrow channel transistors. 


4.6 CHANNEL LENGTH MODULATION 
4.6.1 Effective Channel Length 


All previous calculations of the drain current [in particular by (4.7) or by the more general 
expression (4.42)] used the effective value L of the channel length. But this effective length is 
shorter than the distance Lsp separating the source and drain metallurgic junctions. 

Let us first consider the flat-band situation, obtained by applying a gate voltage Vg = Veg, 
with flat-band voltage Vpg defined by (3.22). In this situation, the electrostatic potential W 
in the channel remains constant. Indeed, W = 0 from deep in the substrate to the surface. 
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Figure 4.12 Potential along the channel: (a) flat-band; (b) weak inversion 


However, at both ends of the channel, a potential barrier is produced by the source and drain 
junctions. As shown by Figure 4.12(a), this creates space charge regions of length ALs p that 
depend on the barrier height ®g + Vs p, with the barrier at equilibrium ®g given by 


Pz = Ur In 


Naitt No 
a (4.55) 


1 
where Naite is the doping concentration of the source and drain diffusions. Since Mẹ < Naitr, 
the source and drain space charge regions extend mainly in the P-type channel region. Their 


lengths can be calculated by double integration of Poisson equation (3.2) along the x-axis with 
p = —q M». Identification of the result with the barrier height ®g + Vs,p then yields 


2e(Dp + V: 
Ae je (4.56) 
b 


To obtain the effective channel length L, the lengths of the space charge regions must be 
subtracted from distance Lsp; hence, 





2€si 
aNp 





LSL Aiea aa (Vs F Vs ta / Oye Vo) (4.57) 


The effective length is slightly dependent on the value of the source and drain voltages. 
Differentiation of (4.57) provides 


dL Esi 
- y , (4.58) 
dVs,D 24 Np(®p + Vs,D) 
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4.6.2 Weak Inversion 


If the gate voltage is increased above the flat-band voltage Veg, the surface potential W, increases 
as shown by Figure 3.3. As long as the device remains in weak inversion (W, < 2@pf + Vs), the 
surface potential is constant along the channel and independent of Vs and Vp, as illustrated in 
Figure 4.12(b). At both ends of the channel the barrier height is reduced, but the field pattern 
becomes two-dimensional, since W becomes a function of x and z. Equation (4.57) for the 
one-dimensional case is no longer exact, but the effective channel length is still modulated by 
Vp and Vs, resulting in a slight variation of the specific current J,pec, and proportional variations 
of Ip and Ip. 

Now, Jp already strongly depends on Vg as expressed by (4.34), so this small additional 
variation can be neglected. But Jp would be independent of Vp without channel length mod- 
ulation, so this small variation cannot be neglected. The symmetrical situation exists for the 
dependency of Jp on Vp and Vs. Hence by (4.58), 








dl dl = 
ER ER y j (4.59) 


= —K 
dVp,s dL \ 24M(®s + Vp,s) 


where «x is a correction factor for two-dimensional effects. 


4.6.3 Strong Inversion 


The variation of surface potential W, along the channel in strong inversion is depicted in 
Figure 4.13. It can be assumed to be independent of the gate voltage and to follow the channel 
voltage according to Wy = V + W (see Section 3.6.3). Hence, at equilibrium (V = Vs = Vp = 
0), W, = W% all along the channel. The potential barrier at both ends of the channel is reduced 
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Figure 4.13 Potential along the channel in strong inversion 
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to g — Wo. Since Wo = 2®p, combining (3.8) and (4.55) gives 


Bs Noite 
Pz Wo = Ur In < (4.60) 
Np 





For Vs and Vp > 0, this barrier remains constant as long as the transistor is in linear mode 
(Vp < Vp). Hence, effective channel length L remains constant. If the transistor is saturated 
with Vp — Vp > 0, the drain barrier is increased by the same amount; the forward current 
becomes slightly dependent on the drain voltage. A symmetrical situations exists in reverse 
saturation. Thus, similar to (4.59) with a different barrier height 


dif R dlp R Esi 
ie ee (4.61) 
dVp,s dL \ 2qNv(@p — % + Vp,s — Vp) 








Experiments show that factor « correcting for two-dimensional effects tends to decrease when 
the inversion coefficient JC is increased. 


4.6.4 Geometrical Effects 


For the usual case of constant width W, Ispec given by (4.14) is inversely proportional to L. 
Hence 


_dipR _ IFR 


= 5, 4.62 
dL L eee) 





and the effect of channel length modulation is identical in forward and reverse saturation. 
We have seen in Section 4.5 that the fundamental property of the transistor, which includes 
symmetrical source—drain characteristics, is independent of the channel geometry. But channel 
length modulation degrades this property and is itself sensitive to device geometry. 
As an example, consider again a concentric circular transistor with a radius Rs of the source 
and an inner radius Rp = Rs + L of the drain. According to equations (4.43) and (4.46), 


1 


x —; (4.63) 
ln (1 + L/Rs) 


Ip 


hence, 


dlp Ip _ Ip1—Rs/Rp 
dL  RplnRp/Rs L In(Rp/Rs)’ 





(4.64) 


which is smaller than result (4.62) for a rectangular channel. 
Now if the transistor is in the reverse mode, its saturation current is — Ig and channel length 
modulation occurs at the source end of the channel. Thus, (4.63) can be rewritten as 


(4.65) 
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Figure 4.14 Effect of channel length modulation in a circular concentric transistor 
giving 


dig Ir Rp/Rs— 1 
dL L In(Rp/Rs)’ 





(4.66) 


which is larger than result (4.62). Results (4.64) and (4.66) are plotted in Figure 4.14. 

It must be pointed out that in a concentric transistor structure, the inner diffusion is usually 
the drain, in order to minimize the associated junction capacitance. Forward and reverse modes 
are then exchanged with respect to Figure 4.14 and the effect of channel length modulation 
on the forward saturation current is increased. This result can be qualitatively extended to 
any nonrectangular channel: for a given channel length L, the variation of forward saturation 
current due to channel length modulation is increased if the source is wider than the drain; it 
is reduced if the drain is wider than the source. 


5 The Small-Signal Model 








This Chapter describes the small-signal model of the MOS transistor obtained from the large- 
signal model after a proper linearization of the large-signal equations at a defined operating 
point. It starts looking at the dc small-signal model, introducing the source, drain and gate 
transconductances and higlighting the fundamental relations between them. The transconduc- 
tances are then expressed in terms of bias covering all modes of inversion. The fundamental 
transconductance to drain current ratio is then introduced and its use for circuit sizing is 
illustrated. The small-signal dynamic behavior is introduced directly by first deriving a com- 
plete non-quasi-static (NQS) model, introducing the source, drain and gate transadmittances 
together with the five other admittances and the fundamental relations between them. Their 
bias dependence over all regions of inversion is presented. The NQS model serves as the basis 
for deriving the quasi-static (QS) model. The concept of transcapacitances is introduced as a 
result of a first-order approximation of the transadmittances. In the QS model, the admittances 
of the NQS model then reduce to the five intrinsic capacitances. The domain of validity of the 
three different small-signal models is then defined and the use of a NQS model for transient 
operation is also discussed. 


5.1 THE STATIC SMALL-SIGNAL MODEL 
5.1.1 Transconductances 
5.1.1.1 General expressions 


The most important small-signal parameters are without doubt the transconductances. The 
transconductances together with the capacitances determine the transit frequency fy or the 
speed of the device, the thermal noise, and indirectly the current consumption. Since the MOS 
transistor is a four-terminal device, it is controlled by three independent voltages, namely 
Vo, Vs, and Vp. A transconductance value can therefore be defined for each of these control 
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voltages. The total increment of the drain current AJp is given by 











olp olp dlp 
åh pee | AtA AV 
OVS lop D lop 8VG lop 
= —Gms AVs + Gma AVD + Gm AVG (5.1) 


where Gms, Gma, and Gn are the source, drain and gate transconductances respectively, defined 
as 








al 
Gms Ê — T ' (5.2a) 
op 
al 
Gu a (5.2b) 
D lop 
ar 
Gn Ê a ' (5.2c) 
G lop 





where notation op stands for the operating point at which the linearization occurs. It can 
be characterized by the set of the three dc voltages Vg, Vs, Vp. Note that all the small- 
signal transconductances defined in (5.2) are positive. Now, since according to (4.43) Ip = 
Ip(Vc, Vs) — Ir(VG, Vp), (5.1) can be rewritten as 





ais 26h Sip ƏðkR\ Vp 
Aes Avn + AV AVc. 5.3 
D= oy 8 BV, o+ (Fe st) Fy aides ae) 
igs eat ed 5 
=—Gns =Gma =Gn 


Transconductance Gms depends only on the forward current Ip and is therefore independent 
of the drain voltage Vp, whereas Gma depends only on the reverse current Jp and is therefore 
independent of the source voltage Vs. These tranconductances can be identified on the Q; 
versus V plot as illustrated in Figure 5.1. 

As can be seen by inspection of this figure, the quantity by which a small variation of 
source voltage Vs must be multiplied to obtain the corresponding variation of area Ip / is the 























Figure 5.1 Relation of source and drain transconductances with the mobile inverted charge 


THE STATIC SMALL-SIGNAL MODEL 57 


particular value — Qis/C x of — Qi/ Cox taken at the source end of the channel. Hence, 








eas = - Qs) = u (Oss) = Gspe s (5.4) 
and, symmetrically, 
a= 2 - (Ov) = (Oi) = Gope 4 (5.5) 
where 
Ga e Toa E i (5.6) 


and qs; and qq are the normalized charges at both ends of the channel defined by 


— Qis 








A 
qs Ê ; (5.7a) 
Ospec 
A Qip 
ME (5.7) 
i Q spec 


Note that the two expressions (5.4) and (5.5) are very general, and do not depend on the 
precise shape of —Q;(V). 

As shown by (4.25), Ip and Jp depend on the differences Vp — Vs and Vp — Vp respectively. 
A variation of Vs or Vp has the same effect on Jp and Jp as an equal variation of Vp of opposite 
sign. Therefore we have 


ð Ip OTR 
= Gms d — = G md- 5.8 
3 Vp and Sy g (38) 


Furthermore, according to (3.51), dVp/dVg = 1/n. Hence the expression of Gm in (5.3) be- 
comes 


Gms = Gma 


n 


Gm = (5.9) 


Note that this dependency of the gate transconductance on the source and drain transcon- 
ductances Gms and Gmg is independent of the inversion coefficient of the transistor. 
When the transistor is saturated, Ip « Ip and Gma K Gms and hence 


Gms . 
Gm = — (saturation). (5.10) 
n 


Using the normalized charges qs and qq given in (4.24), expressions (5.4) and (5.5) become 


A Gmns,d V digs + 1-1 = 2ifr (5 11) 
&ms,d = Gass = qs, = 7 =, Vaaa 1’ ‘ 
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or, by using denormalized variables, 


Gins.a = nBUs (Alen Tope FI- 1), (5.12) 


The gate transconductance can be obtained by introducing this expression in (5.9), giving 





Gn = bUr (Vale Tapec F1 AA Teves 1), (5.13) 


However, this result is useful only if the forward and reverse currents are known separately 
(and not only their difference Ip = Ip — IR). 

Since relation (3.48) between voltages and charge cannot be inverted, the transconductances 
cannot be expressed as functions of voltages in the general case. 


5.1.1.2 Approximation in strong inversion 


With the strong inversion approximation of the charge discussed in Section 3.6.3, the various 
transconductances can be found directly on the Vrg(V) plot of Figure 3.12(a), as shown in 
Figure 5.2(a). 

This diagram, which also shows the current in function of the bias voltages, will be called 
the Jespers—Memelink diagram [15,77]. It can be used to analyze and synthesize circuits using 
transistors in strong inversion. Expression (5.9) of the gate transconductance can be verified 
by simple inspection of this diagram. 

The expressions of the source and drain transconductances can be obtained by differentiating 
the current given by (4.28) or simply by inspection of Figure 5.2. 

If £, Vs p, and Vp (or Vg) are known, this figure shows that 


Gms,a = NB(Vp — Vs.p) = (Vo — Vro — nVs,p). (5.14) 
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Figure 5.2 Drain current and transconductances in strong inversion: (a) Jespers-Memelink diagram; 
(b) corresponding Q; (V) plot 
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If only currents and voltages are known, but not £ (the transistor is not yet sized), then 
remembering that the total area of the triangle is Jp. R/£ (see Figure 4.7), the transconductances 
can be obtained from 


2IĪFR _ 2nIgR 


= : (5.15) 
Ve — Vsp  Vo-— Vio —nVsp 








G ms,d = 


Ifthe known parameters are 6 and Ip g, then the transconductances are obtained by extracting 
(Vp — Vs.p) from the current equation (4.28) and introducing it in (5.14) or in (5.15) 


Gms,a =N 2nf lr R, (5.16) 


which is the expression used most usually, showing that the transconductance of a transistor in 
strong inversion is proportional to the square root of the current. It corresponds to the general 
expression (5.12) for Ip R >> Ispec = 2nB U2. 

Introducing expression (5.14) of the source and drain transconductances in (5.9) gives the 
simple expression of the gate transconductance in linear mode: 


Gm = B(Vp — Vs) (5.17) 


that can also be obtained directly by inspection of Figure 5.2. 

In forward saturation, Ip = Tp, Gm = Gms/^, (Vp — Vs) = Vpssat according to (4.12), and 
the inversion coefficient ZC is defined by (4.26). The gate transconductance is thus given by 
one of the following expressions: 


B 
Gm = (Vp — Vs) = B Vossa = Pac — Vro — nVs) 
a 2Ip = 2Ip = 2Ip 
n(Vp — Vs)  nVpssal Vo — Vro —nVs 


2 Í Gs ec 
x fb _ IBUN TO = —™ JTC. 
n n 


The first line of this equation shows that for a given value of 6, Vpssat must be increased to 
augment the transconductance Gm (with the result of an increase of current). But if the current 
is given, the second line shows that Vpssat must be decreased to increase Gm (which requires 
an increase of $). 


(5.18) 











5.1.1.3 Approximation in weak inversion 


The transconductance in weak inversion can be obtained by differentiating approximation 
(4.34) of the current: 


Olpr JER 
Gt ERER 5.19 
d Vso Ur (5.19) 





It corresponds to the general expression (5.12) for IFR & Ispec = 2nB Uz. 
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According to (5.9), the gate transconductance is then given by 


Ge=Gru RA I 
Gn = oS D (5.20) 
n nUr nUr 





It is proportional to the total drain current. 


5.1.2 Residual Output Conductance in Saturation 


According to the fundamental property discussed in Section 4.5, the forward component of the 
drain current (7p) does not depend on the drain voltage Vp. As a consequence, the overall drain 
current in forward saturation (where Jp = Jp) should remain constant. However, as analyzed 
in Section 4.6, the slight variation of channel length caused by drain voltage variations renders 
Iy slightly dependent on Vp. This corresponds to a parasitic drain transconductance 0/p/0Vp 
expressed by (4.59) or (4.61). In forward mode, this transconductance is normally much smaller 
than the source transconductance Gms. Hence, it can be neglected in linear mode, where it is 
also smaller than the main drain transconductance Gma. This is no longer possible in forward 
saturation where Gma itself becomes negligible. 

The symmetrical situation exists in reverse saturation where the parasitic source transcon- 
ductance dJp/dVs can no longer be neglected with respect to the very small main source 
transconductance Gms- 

A convenient way to include these parasitic transconductances due to channel shortening 
is to replace them by a single drain-to-source conductance Gag. Indeed, the total variation of 
the drain current given by (5.3) then becomes 


Alp = Gm AVG — Gms AVs + Gma AVp + Gas (AVp — AVs) 


(5.21) 
= Gm AVg — (Gms + Gas) AVs + (Gma + Gas) AVD. 


According to this equation, Gas has to be accounted for only when G ma is very small (forward 
saturation) or when G ms is very small (reverse saturation). 

Since Gas is due to the variation of channel length, its value is proportional to Jp (or Zp in 
the reverse mode). It can thus be expressed by 


Gas = Ip.R/ Vm, (5.22) 


where Vy is the channel length modulation voltage given by 


dVp s dVp,s Ipr dL 
W= Paty : 5.23 
M es TER ( dL )( L i) O23) 








This fictitious voltage is thus proportional to the channel length L. The first term in parentheses 
can be obtained from (4.59) or (4.61) and is proportional to the square root of the channel doping 
concentration Np. 

The second term in parentheses is equal to 1 for constant channel width W (see (4.62)). 
If W is not constant and increases from source to drain, then this second term is increased in 
forward mode and decreased in reverse mode, as illustrated in Figure 4.14 for a concentric 
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Figure 5.3 Convergence of saturation characteristics toward — Vm 








circular transistor. The value of Vy is thus increased (hence Gg, decreased) if the saturated 
side of the transistor is wider and decreased (hence Gas increased) in the opposite case. 

Assuming Vm >> Vp,s (long channel) and constant, it corresponds to the convergence point 
of saturation currents for various gate voltages, as illustrated in Figure 5.3. In reality, due to 
two-dimensional effects, Vj, tends to increase slowly when the inversion coefficient IC is 
increased. 


5.1.3 Equivalent Circuit 


The small-signal equivalent circuit of the transistor, which corresponds to equation (5.21), is 
shown in Figure 5.4. 

The three transconductances discussed in Section 5.1.1 are represented by voltage- 
controlled current sources (VCCS) of adequate sign connected between the source and drain 
nodes. The residual conductance in saturation Gas, introduced in Section 5.1.2, is connected 
in parallel. Note that the small-signal schematic of Figure 5.4 includes only the intrinsic com- 
ponents of the transistor. 

The expressions of the intrinsic parameters, derived previously as function of bias voltages 
and/or currents, are summarized in Table 5.1 for weak and strong inversion. 

A new parameter Ay max defined by 


A Gms 
Ay max = 
Gas 





(5.24) 


is introduced at the last row of this table. It is the maximum voltage gain available from the 
transistor in common gate configuration (driven from the source with AVg = 0). Indeed, if 


Gn AVa 





Figure 5.4 Small-signal dc equivalent circuit 
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Table 5.1 Summary of small-signal parameters 











Small-signal parameter Weak inversion Strong inversion 
G SER nB(Vp — Vso) = E8 = ./2nph 

ms,d Ur P S,D) = Vp E Vs.p = F,R 
Gn pe Linear: B(Vp — Vs) 

ei: earn Alpi. = lp — ,/ 281 
Saturation: B Vpssat = Vea nU JIC = 7 

G Fer Jer 

ds Vm Vm 
A VM 2Vm _ _ Vu 

ee Ur Voss — Ur VIC 


the device is forward saturated (hence Gma = 0), then the whole current variation Gms A Vs 
flows through Gas, and the drain voltage variation is 


Gms 
Avs Mee 





) AVs = qd F Ay max) AVs, (5.25) 
ds 


where the term “1” can be neglected. In common source configuration (driven from the gate 
with AVs = 0), Gms is replaced by Gm and the maximum (negative) voltage gain is Ay max /7. 


5.1.4 The Normalized Transconductance 
to Drain Current Ratio 


The source and drain transconductances can be written as a function of the forward and reverse 
current respectively by using (5.11), resulting in 





3 2iş G'spec ( Vāit1-1), (5.26a) 


ms = G spec s = Gspec = 
ia i cy sro) 2 


2i, G spec F 
Gina = G spec qa = G spec Jit I FI = A (v 4i; +1—-— 1) : (5.26b) 





The above equation (5.26a) can be used to derive the important transconductance to current 
ratio 


G ms Ur ae Gms ds 1 








= = = 5 5.27 
Tp Gspec ig q? + qs qs +1 
which can also be written in terms of the forward normalized current 
Gms Ur B 2 B 1 for ig < 1 5 28) 
Ip V4i¢ +1 +1 Wee? for ip 1. 
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Figure 5.5 Gms Ur/Ip versus forward normalized current: (a) comparison between the asymptotes, 
a numerical calculation and the analytical expression; (b) comparison between analytical expression 
and results measured on several long-channel devices in saturation from different technologies 


In forward saturation, Ip = Jp and Gms = n Gm, and hence 





G ms Ur Gm n Ur 2 
= = 3 5.29 
Ip Ip V/J4i¢ +1 +1 ( ) 


Equation (5.29) is plotted versus the normalized forward current in Figure (5.5a) together 
with the unity asymptote valid in weak inversion and the 1/,/if asymptote valid in strong 
inversion. It perfectly matches the symbols obtained from a numerical simulation with I, = 
0.7/V. Figure (5.5b) shows the same transconductance to drain current ratio characteristic 
compared to results measured on several technology generations. It is interesting to note that 
the transconductance to drain current ratio characteristic given by (5.29) is independent of any 
process parameters (except of course those used for normalizing the forward current). 
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Figure 5.6 Variation of transconductance-to-current ratio and maximum voltage gain with inversion 
coefficient: (a) from charge model (5.29); (b) from approximation (5.30) 


Equation (5.29) is also plotted as curve a in Figure 5.6. It shows that in weak inversion, the 
transconductance is within 1% of its asymptotic unity value given by (5.20) for IC « 0.01, 
and 10% below it at ZC = 0.12. In strong inversion, the transconductance is 10% below its 
asymptotic value (5.18) at Z/C = 23, and within 1% of it only for ZC > 2500. For IC = 1, the 
transconductance is only 62% of the value obtained from either asymptotes. Hence the range 
of moderate inversion where the full continuous equation (5.29) must be used depends on the 
required precision. 

Curve b in Figure 5.6 is the variation of transconductance obtained from differentiation of 
the mathematical interpolation of the current (4.39) from weak to strong inversion: 





U. Ur toe 
6, tag M o iaa ) (5.30) 
Ip Ip VIC 
O 


in saturation 


By introducing expression (5.22) of the residual output conductance in saturation, the 
maximum voltage gain defined by (5.24) becomes 


Gms V; 
Ay max = = = Ums 


Tp 


a w (5.31) 
Ip Ur 

Figure 5.6 therefore also represents the variation of Ay max normalized to its maximum value 
Vm/Ur obtained in weak inversion. This degradation of Ay max with the increase of inversion 
coefficient JC is only slightly attenuated by the slow increase of Vm mentioned at the end of 
Section 5.1.2. 

The transconductance-to-drain current ratio is very useful in analog circuit design. It actually 
shows how much transconductance you get for a given current and can therefore be used as 
a figure of merit for evaluating the current efficiency of any device including circuits such as 
operational transconductance amplifiers (OTA). From Figures 5.5 and 5.6, we clearly see that 
weak inversion offers the highest current efficiency, whereas in strong inversion it decreases 
as 1/,/i. It is important to note that the transconductance-to-drain current characteristic is a 
ratio; i.e., the transconductance of a given device can always be made larger in strong inversion 
than in weak inversion by increasing the bias current, but obviously this comes at the price of 
a lower current efficiency. 
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Figure 5.7 The transconductance on drain current ratio characteristic used for sizing a device 


As explained by Figure 5.7, the transconductance-to-drain current ratio can be used to size 
a particular device. Assume you have a certain bias current available and you want to bias a de- 
vice in saturation in the middle of the moderate inversion with Z/C = ig = 1. Knowing the bias 
current and the inversion factor, you can deduce the specific current Ispec = [p/1C and then the 
W/L ratio from Ispec. You still need another criterion to select independently the W and the L (it 
could be noise, gain, etc.). You can then calculate the normalized transconductance to be about 
0.62 and the actual transconductance to be Gm = 0.62 Ip/(n Ur). Less trivial, if you want a cer- 
tain transconductance for a given bias current, you can compute the transconductance-to-drain 
current ratio, say 0.8 in this case and deduce the inversion factor to be about 0.3. Knowing the 
bias current you can extract the specific current Zspec and then the W/L ratio as explained above. 


5.2 A GENERAL NQS SMALL-SIGNAL MODEL 


The small-signal equivalent circuit described in Section 5.1 is valid only at low frequency 
(actually at dc to be correct) and hence does not account for the small-signal dynamic behavior. 
Now each time a terminal voltage is changed, the current changes by a certain amount. In order 
for this current to change, the inversion charge density within the channel has to change. This 
means that some incremental charges are either brought to or taken away from the static 
inversion charge density. This gives rise to transient charge flows (or ac currents) that are 
obviously not accounted for in the static small-signal model described in Section 5.1. They can 
be modeled by several capacitors which would result in the QS small-signal model described 
in Section 5.3. But since the latter is only a first-order approximation of a more general NQS 
model, we prefer to first derive the general NQS small-signal model and then its first-order QS 
approximation. In many textbooks, the QS small-signal model is derived first and then extended 
to the NQS model. But this requires some tedious calculations and difficult explanations that are 
completely avoided when starting from the general, but more complex, NQS model. Therefore 
we will start with a description of a very general NQS small-signal model. 

The QS and NQS operations are delimited by the QS frequency wg; corresponding to 
the intrinsic channel time constant Tgs = iy @qs- The normalized QS frequency! Nqs is bias 


1 Here the actual frequency is denoted by a small cap, whereas its normalized value is denoted with an upper cap. This 
is an exception to the rule used throughout the book, namely that normalized variables use small caps. 
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dependent according to [44]: 











sS spec S 1 È 
cS a „o (532) 
Wspec Tqs 4q + 4q4 + 12qsqa + 10g, + 10ga +5 
where 
1 H Ur 
Wspec = Tope 4 “a (5.33) 


The QS channel cutoff frequency wg; can be used as a figure of merit since it represents the 
ultimate frequency that the intrinsic part of the MOS transistor can reach without accounting 
for the extrinsic components such as the overlap capacitors that further decrease this frequency 
and are accounted for in the transit frequency jf, discussed in Section 11.3.1. Notice that @gpec 
scales like 1/L*, therefore increasing quadratically when reducing the transistor length. This 
feature is one of the driving force for CMOS downscaling to achieve faster circuits and also 
use CMOS for RF circuits. 

In saturation (qs > qa), (5.32) reduces to 


ca Te 6 (weak inv.) 
Qe 30 — SED 8 (5.34) 


qs = = 
4q2 + 10g, + 5 5 g=} Vi= 42 us (strong inv.). 








From (5.34), we see that in weak inversion wg; = 6spec = 6u Uy / L”, which is constant 
and determined only by the mobility and the transistor length. Note that in weak inversion, 
Tas = 1/@gs corresponds to the transit time of the carriers diffusing from source to drain. 
In strong inversion, &2g, is proportional to qs or to a/is or to the saturation voltage Vp ssat = 
Vp — Vs. 

For Vp = Vs (or equivalently qs = qa), (5.32) reduces to 


Raqs = 6 (2q; + 1). (5.35) 


The normalized QS frequency Nqs is plotted versus the inversion factor is in Figure 5.8(a) 
which clearly shows the weak and strong inversion asymptotes. Notice that in strong inversion 
and for Vp = Vs, Qqs is 1.6 times larger than in saturation for the same inversion factor. QQqs is 
also plotted versus the normalized pinch-off voltage vp in Figure 5.8(b) for different values of 
the normalized drain voltage ranging from vg = 0 to vg = 100, corresponding to saturation. 
Also shown is the strong inversion asymptote 15/4 vp. 

The NQS analysis will not be detailed here, since it is rather lengthy. It can be found in 
[38,44,78]. The most important result of the latter analysis is that the NQS small-signal behavior 
can be represented by the equivalent small-signal circuit presented in Figure 5.9. This circuit is 
made of five admittances, three connected to the gate (Yosi, Yopi, and Ygpi) and two connected 
to the bulk (Ygsi, Ygpi) not accounting for Ygp; and three transadmittances Ym, Yms, and Yma 
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Figure 5.8 Intrinsic QS normalized frequency versus inversion factor (a) and versus pinch-off voltage 


for different drain voltages (b) 





Figure 5.9 The complete intrinsic NQS small-signal equivalent circuit 
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connected between drain and source and controlled by the gate, source, and drain voltages 
respectively. These three transadmittances are modeled by three VCCS defined by [44, 78] 


Im = Ym AVo, (5.36a) 
Ins 2 Yms AVs, (5.36b) 
Ima = Yma A Vp. (5.36c) 


Note that these admittances and transadmittances have real and imaginary parts. 
In the same way there exists a relation between Gm, Gms, and Gmg (see equation (5.9)), it 
can be shown that the same relation also holds for the transadmittances, namely [44,78] 


Yms — imd 
Yn = —————_., (5.37) 


n 


which reduces to (5.9) for @ K wgs- 

Note that we need to know only one transadmittance to deduce the other two. Indeed, 
assuming we know Yms, we can deduce Ying by using the symmetry property of the device; i.e, 
Yma can be calculated using the same equation used to calculate Yms but after permuting Vs 
and Vp (or iç and i, or qs and ga). Knowing both Yms and Yma, we can compute Ym using (5.37). 

The gate-to-bulk admittance is related to the gate-to-source and gate-to-drain admittances 
by the following fundamental relation [38, 44, 78]: 


n—-l1 
Yogi = E (j @Cox — Yasi — Yani), (5.38) 


where Cox & W L Cox. In addition, the bulk-to-source and bulk-to-drain admittances are 
related to the gate-to-source and gate-to-drain admittances by [38, 44, 78] 


Ygsi = (n — 1) Yasi, (5.39a) 
Yppi = (n — 1) Yoni. (5.39b) 


As for the transadmittances, knowing only one admittance is enough to calculate the four 
other ones. For example, if we know Yosi, we can calculate Yep; by symmetry, Ygsi and Ygpi 
using (5.39) and finally Yop; by using (5.38). 

The NQS intrinsic small-signal model shown in Figure 5.9 is therefore fully characterized 
for a given operating point when one transadmittance and one admittance are known. All the 
other components are deduced either from symmetry or by using (5.37), (5.38), and (5.39). In 
addition, it can be shown that the transadmittances can always be written as the product of the 
dc transconductance, which accounts for the bias dependence, times a common normalized 
function &,,[0(gs, qa)], which accounts for the frequency dependence [44,78] 


Yms = Gms EmlO (qs, qa)], (5.40a) 
Yma = Gma mlO (qa, qs), (5.40b) 


where 6 = w/w@qs = @Tgs. Notice the symmetry property illustrated by the swapping of the 
position of the qs and gq variables as arguments of 0 in (5.40). 
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The exact derivation of the normalized function &,, is a bit tedious and will not be de- 
scribed here. The detailed calculation can be found in [38, 44, 78]. Nevertheless, a very good 
approximation of m valid in any mode of inversion is given by [44] 


À 
Em = Sinh’ (5.41) 


with à = (1 + j) v38. Note that for @ < 1, (5.41) can be approximated by a first-order func- 
tion [44] 

1 
1+ j @t%s 


Ile 


En for @Tqs < 1. (5.42) 


The magnitude and phase of function &,, are plotted versus the normalized frequency in 
Figure 5.10(a) (plain line) and compared to the first-order approximation (5.42) (dashed line) 
and also the second-order approximation (dashed-dotted line). Figure 5.10(a) shows that the 
first-order model can be used up to about 0 = 1 for both magnitude and phase. For 6 > 1, 
the second-order model can be used up to about 6 = 3 and the full function has to be used 
above. The dash-double-dot curve corresponds to the QS model and will be discussed later in 
Section 5.3. 

The ém function has been checked against measurements made on several devices and at 
different biases [44]. An example of such measurements made on a long-channel (L = 10 um) 
N-type device in saturation is shown in Figure 5.10(b) for different gate bias ranging from 
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Figure 5.10 Normalized transdmittance function £m versus normalized frequency. (a) Evaluated 
from (5.41). The line corresponds to the approximations given by (5.41), the dashed line corresponds 
to the first-order approximation given by (5.42), and the dashed-dotted line corresponds to the second- 
order approximation. (b) Comparison with measurements made on an N-channel device measured at 
different biases and properly normalized 
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Vg = 0.5 to 1.5 V. This plot clearly shows that after proper frequency and bias normalization, 
all the curves corresponding to the different bias conditions fall on the same normalized ém 
curve. It also demonstrates that the NQS transadmittances are fully characterized by the single 
normalized function £m. 

Similarly, the Ygsj and Ygp; admittances can be written as a product of a bias-dependent 
capacitance (representing the QS approximation) times a common normalized function 


E[s, qa)] 


Yosi = J @Casi(qs, qa) Ecl0 (qs, qa)] = j Cox celgs, qa) Els, qa)l,  (5.43a) 
Yapi = j wCasilqa, qs) El (qa, qs)] = J @Cox Celga, qs) El (qa, 9s)], (5.43b) 


where ce(qs, qa) is the normalized gate-to-source intrinsic capacitance 


(5.44) 





a Cosi qs 2qs +4qa +3 2/3 in strong inv. and sat. 
Cc(4s, qa) — = = 


Cox 3 (Qs+qat1P qs in weak inv. and sat. 


A good approximation for the normalized function & used for the admittances is given 
by [44] 











z E(0) (5.45) 
* Yot (= 0) ECD 
with 
z Ad cosh(à) — 1 (5.46) 
& = à sinh(A) ` 
and 
i 10r (r +2) A 
a z +1) r? +3r + 5) i A 
where r is defined as 
we qs + 1/2 = ip + 1/4 (5.48) 





gat 1/2 Vi-t+1/4 


Note that r is much smaller than 1 for qs < 1 < qa, corresponding to strong inversion and 
reverse saturation, it is equal to unity when qs = gq or when both q, « 1 and qa « 1 (corre- 
sponding to weak inversion), and finally r is much larger than 1 for qa K 1 « qs, corresponding 
to strong inversion and forward saturation. Function & is plotted in Figure 5.11(a) versus the 
normalized frequency 0 £w Tqs for different values of r. For 0 < 1, c = 1 and therefore the 
admittances increase proportionally to @. For 0 >> 1, & œ 1//@ meaning that the admittances 
then only increase proportionally to /@. The proportionality factor depends on the parameter 
r. As shown in Figure 5.11(a), there is a small difference between the forward mode and 
the reverse mode, particularly on the phase, but in forward mode, there is very little differ- 
ence between weak (r = 1) and strong inversion (r > 1) since p only varies from 1 to 1.17. 
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Figure 5.11 Normalized admittance function & versus normalized frequency. (a) Evaluated using 
(5.45) to (5.48) for different values of r with r = 0 and 0.1 corresponding to strong inversion and 
reverse saturation (qs K 1 < qa), = 1 corresponding to weak inversion and r = +00 corresponding 
to strong inversion and forward saturation (qa « 1 < qs). (b) Different approximations of &, (for 
r = 1). The line corresponds to the first-order approximation given by (5.49) and (5.45) and the dashed- 
dotted line corresponds to the second-order approximation. (c) Comparions with measurements made 
on a P-channel device measured at different biases and properly normalized 
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Therefore, in forward mode, & can be approximated by &, given by (5.46), which can be further 
approximated by the following first-order function: 


g 1 
zE for Oty X 1. 5.49 
be = 5 ioe oe (5-49) 





The latter approximation is similar to the transadmittance approximation (5.42) except that 
the pole is a factor 2 higher than œqs. Function E. is plotted versus the normalized frequency 
in Figure 5.11(b) together with the first-order approximation (5.49) (dashed line) and also the 
second-order approximation (dashed-dotted line). As for the transadmittance approximation, 
the first-order admittance approximation can be used up to about 6 = 1 and the second-order 
approximation up to about 6 = 3. 

As shown in Figure 5.11(c), the normalized admittance function & has been validated 
against measurements made on a 300 um x 300 um P-channel MOS transistor integrated in a 
0.35 um CMOS process and biased at different overdrive voltages. The fact that all the measured 
points fall onto the same curve illustrates the strength of the bias and frequency normalization 
processes. 

A simpler approximation of both the transadmittances and the admittances will be given in 
the next section and will lead to the QS model. 


5.3 THE QS DYNAMIC SMALL-SIGNAL MODEL 
5.3.1 Intrinsic Capacitances 


As mentioned in the previous section, for 6 = œ tg; « 1, the NQS function for the admit- 
tances & is about equal to unity and the admittances reduce to the intrinsic capacitances. The 
normalized gate-to-source and gate-to-drain intrinsic capacitances are derived from (5.43) and 
(5.44) with & = 1 








Cosi qs 2qs + 4qa +3 
casi = = ¢(qs, q) = = E, 5.50a 
SSi Cox edgy) 3 (qs +qat 1? i l 
Copi da 2qa + 4qs +3 
A 
CGDi = = Ce(qa, Js) = = -~~~ 5.50b 
CE Seay, E = Gaaag ade Ly ee 


whereas the gate-to-bulk, source-to-bulk, and drain-to-bulk intrinsic capacitances are derived 
from (5.38) and (5.39) respectively 


Coi on 1 








cogi = = (l — casi — Capi), (5.51a) 
Cox n 
Cpsi 

casi & = (n — 1) casi, (5.51b) 
Cox 
Cppi 

ceni & = = (n — 1) coni- (5.51c) 


Cox 
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Figure 5.12 Normalized intrinsic capacitances versus the pinch-off voltage (a) and versus the drain 
voltage (b) 


They are plotted in Figure 5.12 for Ip = 4 y Ur and Yọ = 30 Ur, together with the total gate 
capacitance 


1 
Cai = Casi + Capi + Copi = P (n — 1 + casi + coni), (5.52) 


where (5.51a) has been used. 
Figure 5.12 also shows the approximate values of the intrinsic normalized capacitances in 
strong inversion and saturation 


2 
Casi = 3° (5.53a) 
capi = 0, (5.53b) 
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n—l1 
CGBi = š (5.53c) 
3n 
a 2 
casi = (n — 1) 3 (5.53d) 
cgpi = 0. (5.53e) 


Figure 5.12(b) also shows that for vg = vs, Casi = Capi and cgsi = Cppi.- It might be surpris- 
ing that casi and cgp; are not exactly equal to 1/2 for vg = vs = 0 in Figure 5.12(b), but casi 
and cap; are actually only equal to 1/2 asymptotically in very strong inversion and a little below 
1/2 in strong inversion. 

In weak inversion, the normalized intrinsic capacitances are given by 





Cosi = qs, (5.54a) 

Copi = qa, (5.54b) 
n~ n-l 

CGBi = i (5.54c) 

cgsi = (n — 1) qs, (5.54d) 

cgpi = (n — 1) qa. (5.54e) 


Since in weak inversion qs «< | and qa < 1, the intrinsic capacitances are dominated by capi. 


5.3.2 Transcapacitances 


In the QS regime, 0 = w Tg; < 1 and the first-order transadmittance function (5.42) can be 
further approximated as 


Yims Yma ae ` 
Em = G. "Ga 1 — jwtgs for wt, X 1. (5.55) 








The source transadmittance can then be written as 

Yms z= Gms (d i J WT qs) = Gms T Jo G ms Tqs = Gms E j (2) Chigs (5.56) 
where Cms £ G ms Tgs is defined as the source transcapacitance. A transcapacitance is similar 
to a transconductance except that the output current is proportional to the derivative of the 


control voltage instead of the control voltage itself. Similarly, the drain transadmittance can 
be written as 


Yma = Gind (l = J Ts) = G md = J (2) Cmi, (5.57) 


with Cma £ Gma Tgs being the drain transcapacitance. Using (5.37), the gate transadmittance 
is then given by 


Ym S Gm (1 — j OTa) = Gm — j Cm, (5.58) 
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with Cm £ Gm Tgs being the gate transcapacitance which is related to the source and drain 
transcapacitances by 


Cms = Cina 


n 


Cm = (5.59) 

The QS approximation of £m given by (5.55) is also plotted versus 0 in Figure 5.10. The 
phase is identical to the first-order approximation (5.42), but as shown in Figure 5.10, the 
magnitude increases proportionally to 0 instead of decreasing. This is a clear limitation of 
the QS approximation. It is important to note that any charge-based model implemented in 
a circuit simulator such as Spice without specific NQS model will show this behavior. It is 
therefore important to remember that the QS model is valid only to about a fraction of the QS 
frequency gs (typically wg; /3). 

By definition, the QS time constant is related to the transconductances and transcapacitances 
by 


Cms Cmd Cm 
Tgs = = = $ 
G ms G md G m 








(5.60) 


From (5.32) and (5.4), we can derive the expression for the source and drain transcapacitances 


ern Cink ds 4q? + 4q3 + 12qsqa + 10qs + 10ga +5 











Cre = =n ; (5.61a) 
Cox 15 (qs + qa + 13 
Gi 4g? + 4g? +12 $ 10g; + 10 5 

cma & d_,, 4d ds + 4qq + 12¢sda + foe qa + (5.61b) 
Cox 15 (qs + da + 1) 

a Cm _ 4s—4a 492 +444 + 12qsqa + 10g; + 10ga + 5 

atn l (5.610) 

Cox 15 (qs + qa + 1) 


They are plotted versus vp and vg in Figure 5.13 for Tp = 4 ~y Ur and Yo = 30 Ur. As shown 
in Figure 5.13, the approximate values in strong inversion and saturation are given by 


aah 

Cms Š n Tz» (5.62a) 

cma & 0, (5.62b) 
4 

em = 7. (5.62c) 


It is important to note that these transcapacitances are of the same order of magnitude than 
the intrinsic capacitances and therefore cannot be neglected. We will see in Section 12.2 that 
neglecting, for example, Cm can lead to a large phase error on Ym at RF (see Figure 12.3). 


5.3.3 Complete QS Circuit 


The complete QS intrinsic small-signal schematic is shown in Figure 5.14, where the transad- 
mitances are modeled by three VCCS defined by (5.36) with Yn, Yms, and Yma given by (5.58), 
(5.56), and (5.57) respectively. 








Vs = Vg/ Uz =0 
Vg = Vp / Uz = 40 
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Figure 5.13 Normalized transcapacitances versus the pinch-off voltage (a) and versus the drain 


voltage (b) 
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Figure 5.14 The complete intrinsic QS small-signal equivalent circuit 
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5.3.4 Domains of Validity of the Different Models 


It is important to clearly understand the domains of validity of the three small-signal models 
shown in Figures 5.4, 5.9, and 5.14. The dc small-signal model of Figure 5.4 is strictly valid 
only at w = 0. Now it can be used for many low-frequency circuit analyses to evaluate for 
example the dc gain. It can also be used when extrinsic capacitors, including interconnects, 
dominate, as is often the case. 

It is important to notice that very often the frequency limitation is not given by the intrinsic 
QS frequency but by the parasitic extrinsic elements or by some other component such as a load 
capacitor. Actually it is mainly when working at RF that the intrinsic frequency limitations 
become important and should be accounted for. But even at RF, the NQS regime should 
be avoided and therefore the NQS small-signal model of Figure 5.9 is seldom used. There 
are nevertheless some cases where the device might operate in NQS mode. For example, in 
some circuits like Gm-C filters where nonminimum length P-channel transistors are used in 
the current mirror of the transconductor, the combination of nonminimum length and lower 
mobility of P-channel device might drive the device close to the NQS regime. The additional 
phase shift introduced by the NQS effect in the current mirror might then change the frequency 
behavior of the filter. It is therefore important to check whether any device operates close to 
the NQS regime. Also, increasing the QS frequency can simply be done by increasing the 
bias current at the cost of a higher power dissipation and a possible increase in the minimum 
required supply voltage in order to adapt for the increase of Vpssat. It is then useful to evaluate 
the QS frequency and set it at a frequency just high enough for avoiding any NQS effects but 
without increasing the bias current prohibitively in order to maintain the power consumption 
as low as possible. 

Another situation where NQS effects might appear is when very fast clock signals are used 
with very steep slopes. At the start of the step signal, the transistor might momentarily be 
driven into NQS regime. Although this is usually a large-signal transient problem, it might be 
useful to discuss it here. 

Although it is possible to derive an exact small-signal solution, it is much more difficult 
(maybe even impossible) to derive an analytical large-signal NQS model. Only first- or second- 
order approximations have been derived up to now [79]. On the other hand, large-signal 
transient simulations can be done quite easily by simply cutting the transistor channel into 
several slices [80]. This can easily be done by replacing in a circuit simulator a single transistor 
by a cascade of N fictitious transistors in series each having a length L/N, where L is the 
length of the original transistor [80]. This is illustrated in Figure 5.15(a), where 10 transistors 
connected in series have been used. Of course, the middle transistors should model only the 
intrinsic part of the device and hence all the extrinsic components such as the overlap capacitors 
and the access resistors have to be sized accordingly. In the following example, we simulated 
only the intrinsic behavior and therefore all the transistors include only the intrinsic part. The 
transistor is biased in strong inversion with a 1-V gate and drain voltage, corresponding to Vg — 
Vro = 0.4 V or IC = 28. The source voltage is biased at 0 V. To illustrate the NQS behavior, 
a negative step voltage of —100 mV is applied at the source as illustrated in Figure 5.16. 
Figure 5.15(b) shows how this step voltage propagates along the channel from the source 
to the drain. It clearly shows that the effect on the channel voltage close to the drain is not 
instantaneous and it takes some time for the step to reach the drain. The source and drain currents 
Is and Ip are plotted versus time in Figure 5.15(c). It shows that the source and drain currents 
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Figure 5.15 (a) NQS transient simulations by slicing the channel of a single transistor of length L 
into several intrinsic transistors in series having a length equal to L/N. (b) Voltages along the channel 
due to a step voltage at the source. (c) Drain and source currents due to the step voltage at the source. 
(d) Zoom on the QS drain current showing the negative Dirac impulse occurring at the origin 








Figure 5.16 NQS transient simulations and drain and source currents showing the charge deficit at 
the drain 
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are not equal and that the drain current lags the source current. This situation is reproduced 
in a slightly larger scale in Figure 5.16. Note that the area between the source current (top 
curve) and the drain current (lower curve) represents charges that actually never reach the drain 
and therefore constitutes a charge deficit at the drain. 

The result obtained from the QS model of a single transistor with the same total length 
and bias is also plotted in Figure 5.15(c). As expected from the expression of the source 
transadmittance (5.56), the response to this step voltage is a large negative peak (actually a 
Dirac impulse) corresponding to the derivative of the input voltage due to the transcapacitance 
part of the source transadmittance, followed by an instantaneous change of the drain current 
due to the transconductance part of the source transadmittance. Since the QS model ensures 
charge conservation, the negative spike represents the charge deficit at the drain observed in the 
NQS simulations but these charges are actually taken away from the drain current immediately 
instead of not reaching the drain as is the case in the NQS simulation. This is illustrated in 
Figure 5.15(d), where the QS drain current Jp(QS) shown in Figure 5.15(c) has been zoomed 
out to show the negative impulse. Notice the large value of the negative impulse amplitude 
which in some cases may give rise to simulation (convergence) problems. 

Also plotted in Figure 5.15(c) is the result obtained from the time domain equivalent of the 
first-order NQS approximation given by (5.42). As expected it differs from the NQS simulation 
at small time values but then follows quite nicely the NQS simulation after about 150 ns. The 
major difference with the QS simulation is that the spike has now disappeared, avoiding any 
simulation problems. Note that the second-order NQS approximation would of course give an 
even better result. 


6 The Noise Model 








This chapter is dedicated to the modeling of the noise in the MOS transistor focusing mainly on 
the intrinsic part and assuming that the device has a long channel and hence does not account 
for short-channel effects which are described in Section 9.4. There are mainly two kinds of 
noises coming from the channel region, namely the thermal noise and the flicker or 1/f noise. 
Both can be described by a local noise source which depends on the position along the channel. 
Section 6.1 shortly presents the different methods to calculate the power spectral density (PSD) 
of the drain current fluctuations, by integration of the local noise source along the channel. The 
method will then be applied for both the thermal noise and the flicker noise. The low-frequency 
thermal noise is then derived in Section 6.2. The thermal noise parameter is defined as the ratio 
of the drain thermal noise conductance to the output conductance at Vp = Vs (or equivalently 
the source transconductance), and the thermal excess noise factor is the ratio of the drain 
thermal noise conductance and the gate transconductance. The use of these two parameters is 
illustrated by several circuit examples. Section 6.3 is devoted to flicker noise, which arises from 
several sources: the fluctuation of the number of mobile carriers in the channel, discussed in 
Section 6.3.1, the fluctuation of the mobility, presented in Section 6.3.2, and finally the flicker 
noise coming from the access resistances, described in Section 6.3.3. The bias dependence of 
all the three noise sources is particularly emphasized. All three contributions are compared 
in Section 6.3.4 using measured data from the literature. Finally, the scaling properties of the 
flicker noise are discussed in Section 6.3.5. 


6.1 NOISE CALCULATION METHODS 
6.1.1 General Expression 


The origin of noise is related to local random fluctuations of the carrier velocity or the carrier 
density. These local fluctuations can be modeled by adding a random current to the local dc 
current as shown in Figure 6.1(a). They then propagate to the terminals resulting in fluctuations 
of the voltages or currents around the dc operating point. There are clearly two different parts in 
the noise analysis: the microscopic part which consists in deriving the statistics of the stochastic 
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Figure6.1 Equivalent circuits of the MOS transistor noisy channel illustrating different noise analysis 
approaches. (a) The Langevin method used by Klassen and Prins [81], where a distributed noise 
source is added to the differential equation giving the drain current. (b) Circuit obtained from (a) after 
linearization of the differential equation and keeping only the first-order terms. (c) Equivalent small- 
signal circuit approach: since the circuit of (b) is linear, the effect of each local noise source on the 
drain current fluctuation can be calculated separately and summed at the drain. (d) The impedance field 
method, where the current response 5/p at the drain due to a current 5/,, injected at position x along 
channel and the corresponding current Aj(x) £ lp /dI, are calculated. The noise is then evaluated 
from the derivative of A;(x) with respect to x 
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process such as the velocity fluctuation and translating it into a variation of the local current, 
and the macroscopic part which consists in calculating the response of the terminal currents 
(or voltages) to these fluctuations or in other words how these local fluctuations propagate 
to the terminals and produce variations of the terminal voltages or currents. In this part we 
will mainly focus on the macroscopic part, namely finding a common expression for the PSD 
of the drain current fluctuations due to all the microscopic local noise sources located in the 
channel. At this stage, it is important to point out that these local fluctuations are always small 
and consequently, the analysis of the propagation of the noise sources to the terminal voltages 
or currents reduces to a linear analysis. Hence, the principle of superposition can be applied 
for adding the effects of all the noise sources along the channel. In principle, since these noise 
sources are random process, they might be spatially correlated, which should be accounted for 
when summing their effects. However, in all of the cases discussed below, it will be assumed 
that the local sources are spatially uncorrelated and therefore their PSD can be summed. 

Several methods have been used for the calculation of noise in the MOS transistor. A de- 
tailed description of all these different methods goes beyond the objective of this book, but they 
will be briefly illustrated below. The first approach is based on the Langevin method and was 
used by Klaassen and Prins [81] initially for deriving the thermal noise and was then extended 
by Klaassen to also account for the flicker noise [82] and by Langevelde to include also the 
induced gate noise [83]. It starts with the differential equation giving the drain current (4.5), to 
which a Langevin noise source 5/,(x, t) is added as shown in Figure 6.1(a). This distributed 
noise source depends on the position along the channel and induce channel voltage fluctuations 
5V,(x, t) that should normally be accounted for if the 5/,(x, t) would be large-signal fluctu- 
ations. Since these voltage fluctuations are much smaller than the thermodynamic voltage, the 
current differential equation can be linearized, resulting in the equivalent small-signal circuit 
shown in Figure 6.1(b). Since this equivalent circuit is now linear, the superposition principle 
can be used. The problem can then be reduced to isolating a single noise source in the 
channel and calculate its effect 5J,p on the drain terminal current as shown in Figure 6.1(c). 
The total effect is then obtained by summing the contributions of all the noise sources along 
the channel assuming they are spatially uncorrelated. This latter approach will be called the 
equivalent small-signal circuit approach.' Note that a similar transmission line approach has 
also been used [84]. A third approach is the impedance field method (IFM) initially introduced 
by Shockley [85] and modified afterward by van Vliet [86,87]. As illustrated in Figure 6.1(d), 
the channel is excited by a current 5/, at position x along the channel, and the current response 
5 Ip at the drain terminal and the corresponding current gain A(x) Ad/p/d/, are calculated. The 
noise due to the local noise source at position x is then evaluated from the so-called impedance 
field corresponding to the derivative of the current gain with respect to x at each position. 
Taking the derivative with respect to position corresponds actually to taking the difference 
between the current gain at positions x + Ax and x, which is illustrated in Figure 6.1(e). If 5/, 
is set equal to the local noise source 5/,(x), then the equivalent circuit of Figure 6.1(e) reduces 
to the circuit of Figure 6.1(c). The IFM is therefore equivalent to the small-signal circuit 
approach. A more rigorous demonstration shows that actually the three approaches mentioned 
above are equivalent [156]. 


1 Tt is sometimes also called the two-transistor approach. 

2 The name impedance field comes from the fact that the terminal voltage fluctuations were initially evaluated resulting 
ina gain between the excitation current and the voltage fluctuation that has the dimension of an impedance (it is actually 
a transimpedance). 
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Figure 6.2 MOS transistor cross-section with an infinitesimal noisy piece of channel between points 
x and x + Ax and split into two noiseless transistors M, and M2 


In the following, we will derive a general analysis based on the more intuitive equivalent 
small-signal circuit approach, offering a common framework for the treatment of both thermal 
and flicker noise. 

To start, let us assume that the channel is noiseless except for a slice of the channel comprised 
between positions x and x + Ax which is noisy and has a resistance A R as shown in Figure 6.2. 
The microscopic noise due to the channel slice is modeled by a current source 5/, having a 
PSD S52 and connected between x and x + Ax in parallel with the resistance AR of the slice. 
Note that a current source (Norton source) is used because the physical origin of noise is a 
random fluctuation of the carrier velocity and/or charge density, resulting in fluctuations of 
the local current which is then represented by a noise current source added to the dc current. 
The transistor can then be split into two noiseless transistors on each side of the noise current 
source, namely transistor M, of length x on the source side of point x and transistor M2 of 
length L — x on the drain side. As mentioned above, it can be assumed that the noise voltage 
5V, across resistance AR is much smaller than Ur and therefore a small-signal approach can 
be used. Both transistors M, and M, can then be replaced by their low-frequency small-signal 
equivalent circuits. For frequencies much below the channel cutoff frequency wqs (see equation 
(5.32) for definition), the capacitive coupling can be neglected. As illustrated in Figure 6.3, 
the equivalent circuits of transistors Mı and M, reduce to two simple conductances, of values 
Gs Ê G mai on the source side and Ga & G ms2 on the drain side. Since AR can obviously be 
neglected compared to the series connection of G, and Gg, the drain current fluctuation ô Jp 
is then given by 


ôli = Gn ARdIy, (6.1) 


where conductance Gen corresponds simply to the series connection of G, and Ga 
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Gaa) Ger) Gaa) 





(6.2) 


NOISE CALCULATION METHODS 85 





t je 


















































AR AR 
Mı | WWW | M2 G WW G 
[F] $ $ [F] b Sino I Š WN $ } An 
> S => = = 
Dr Dr 











fe 


a) (b) 


~ 


Figure 6.3 Two-transistor equivalent circuit used for low-frequency noise calculation 


Note that both G, and Gg and hence also Gen depend on the position x of the local noise 
source. The noise source 5/,, also depends on the position x along the channel and might also 
depend on frequency w (for example when considering 1/f noise). 

The PSD of the drain current fluctuations due to noise current source 5/, is then given by 


Ssp(@, x) = Gh (x)AR*(x)Ss2(@, x). (6.3) 


The PSD of the total noise current fluctuation at the drain S,;2 due to all the different sections 
along the channel is obtained by summing their elementary contributions S 512, assuming that 
the contribution of each slice at different positions along the channel remain uncorrelated. This 
translates into integrating the elementary contributions over the channel from source to drain, 
resulting in? 


Ssp(@, x) "A 


L 
Sap,@) = f GAAR (x) (6.4) 
0 


Note that S572 has to be divided by Ax in (6.4) to represent the contribution of the noise current 
source by unit length. 

As explained above, we have chosen to represent the noise source by a current source 
(Norton source) in parallel with the elementary section because it is closer to the physical 
origin of noise. As shown in Figure 6.4, we could of course also use an equivalent noise 
voltage source (Thévenin equivalent) defined by 


ôVa = ARSI,, (6.5) 
or in terms of PSD, 


Ssva(@, x) = AR’ Ssn(@, x). (6.6) 


3 Note that the contribution of one elementary slice to the drain current is written as S;;2_, whereas the total contribution 
nD 


of all the sections is written as $472 . 
nD 
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Figure 6.4 Two-transistor equivalent circuits: (a) using the original noise current source of Figure 6.3; 
(b) circuit with an equivalent noise voltage source 


The drain current fluctuation due to ôV, is then given as 
S5 (œ, x) = Giy(x)Ssv2(@, x). (6.7) 


If the noise current sources 5/, are spatially uncorrelated, so are the noise voltage sources 
ôV, and (6.4) becomes 


Ssv2(@, x) 


Ax dx. (6.8) 


L 
TOF l G(x) 


Equation (6.4) or (6.8) will be used below to derive the low-frequency thermal noise and 
flicker noise PSD in Sections 6.2 and 6.3 respectively. 


6.1.2 Long-Channel Simplification 


Conductance Gen is actually nothing else than the channel conductance Gen at point x. If the 
mobility is assumed to be constant, it is then given by 

db _ 
dv 





W 
Geh = u( Qi) L = Gspec qi» (6.9) 


where G spec £ spec/ Ur = 2nBUy. The resistance AR of a section, again assuming a constant 
mobility, is given by 


AV Ax 
AR = = ; 
b Wu Qi) 


Note that the derivation in the case velocity saturation and mobility reduction due to the vertical 
field have to be accounted for is much more tedious and is presented in Section 9.4. 
Combining (6.9) and (6.10) into (6.3) results in 





(6.10) 


AxN? 
Ssn (Œ, x)= (+) Ss2(@, x). (6.11) 


The PSD of the total drain current fluctuation is then given by 


w) = w= x w, X A b 
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A more formal derivation of (6.12) is given in Appendix A2 at the end of this chapter, 
following the approach of Klaassen and Prins [81]. Note that the above model ignored the 
capacitive coupling of the noise generated in the channel to the gate. The latter will be analyzed 
in the high-frequency noise model described in Chapter 13. 


6.2 LOW-FREQUENCY CHANNEL THERMAL NOISE 
6.2.1 Drain Current Thermal Noise PSD 
The PSD of the drain current fluctuations due to thermal noise in the channel can be evaluated 


using (6.4) or (6.8). The PSD of the noise current source of one section is then simply given 
from (6.10): 


AkT Wu(— Qi 
TEE ee (6.13) 
"AR Ax 
where k is the Boltzmann constant and T is the absolute temperature. 
The PSD of the total drain current fluctuation S4 P, is obtained from (6.12) as 
1 L 
San, 4T Gay =4kT -3 | Wut- 
j (6.14) 


W L 
= 4kT u73 f [-Oilx)] dx, 


where it has been assumed that the mobility u is constant. The thermal noise conductance at 
the drain Gyp is then defined as 


, Wet 
Gw Ê uT | [-Qi(x)] dx = 510. (6.15) 


where Q; is the total inversion charge in the channel given by 


L 
Q ê wf Oi(x) dx. (6.16) 
0 


Hence, for a mobility that is independent of the electric field, the noise conductance is propor- 
tional to the total inversion charge “stored” in the channel. Equation (6.15) can be written in 
normalized form as 


Qi 
Q spec f 








A Gap j A 
ZaD = =i, qi) - d& = qı = (6.17) 
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The total normalized inversion charge qy can be evaluated using the drain current expression 


(4.21), repeated here for convenience 
dq; 
ia = Og + 1) E, 
ig (2qi + 1) dé 


and making a change of variable by expressing dé as 


29: +1 
dé = — 1 dqi. (6.18) 





Replacing dé in (6.17) by (6.18) results in 


1 
1 qa 
8D = 1 = qi) dé = -5f qi(2qi + 1) dqi = 
0 la Jas 


DE 1 4q? + 3qs + 4qsqa + 3qa + 4q4 
6 qs +qa +1 


(6.19) 





’ 


where the expression of the normalized drain current (4.22) 
Ha EY) 2 
ia = (q5 + qs) — (qå + qa) 


has been used. 
For Vp = Vs (or qs = qa) and in saturation (i.e., for qs >> qa), (6.19) can be simplified as 


qs for Vp = Vs(qs = qa) 
gD=G=4 » (6.20) 
3 


b ig f 
A a in saturation (qs > qa). 





In SI and saturation, qs >> 1 and (6.20) reduces to 


2 
Bnd = 41 = 34s» (6.21) 


In WI, gs < 1 and qa « 1, and (6.19) becomes 


1 1 
8nd = q1 = zs +qa) = z“ + i). (6.22) 


The thermal noise conductance is then obtained as 


Tspec ig F iy Tp F TR 








Gab = Gspec SnD = E 6.23 
a igs, oD 2U 5 oe 
The PSD is then given by 
Tp + IR 
Sap, = 4kT Gop = 4kT 5 = 2q Up + k), (6.24) 
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Figure 6.5 Thermal noise equivalent circuit with noiseless transistor 


which corresponds to full shot noise of both the forward and the reverse components of the drain 
current [88]. This result might be surprising since the above derivation used the expression of 
the local thermal noise and integrated its effect on the drain current over the channel. In weak 
inversion the current is dominated by diffusion and, similar to a bipolar transistor, the noise 
can be interpreted as shot noise related to the potential barriers at the source and the drain. 
Nevertheless, it can be shown that expression (6.15) (or its normalized form (6.17)), which 
was derived with the assumptions of thermal noise due to the channel conductance, is valid in 
all regions of inversion [89, 90]. 

Assuming that the channel thermal noise is the only source of noise within the transistor, 
for frequencies much below the channel cutoff frequency wg;, the noisy transistor can then 
be modeled as a noiseless device to which a noisy current source Anp is connected between 
drain and source as shown in Figure 6.5. This noisy current source has a PSD given by (6.14), 
where the noise conductance Gpp is given by 


Gap = G'spec qi, (6.25) 


where qi is given by (6.19). 


6.2.2 Thermal Noise Excess Factor Definitions 


Several thermal noise excess factors can be defined according to the definitions introduced 
initially by van der Ziel [91]. The thermal noise parameter related to the drain terminal d5yp is 
defined as* 





GD 
Sap = (6.26) 
Gaso 
where Gaso is the drain-to-source conductance at Vps = 0, 
Gaso = Gms = Gspec qs- (6.27) 


4 Van der Ziel initially used y for the thermal noise parameter defined by (6.26) and « for the noise excess factor 
defined by (6.30). The most important noise excess factor from a circuit design point of view is the one given by 
(6.30), which has been called y in many papers instead of «œ as it was defined initially by Van der Ziel [91]. We will 
keep the circuit design definition of y and rename the Van der Ziel’s y as ô. 
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The ônp parameter shows how much the thermal noise of the active device deviates from 
the value it takes when it operates as a passive resistor of conductance Gaso. Since for Vps = 0 
the noise conductance Gpp is equal to the channel conductance Gaso, the noise parameter dnp 
is then equal to unity. 

Assuming constant mobility, (6.25) can be used together with (6.27) in (6.26), allowing dnp 
to be written in terms of the normalized charges as 


See a (6.28) 


qs 


In saturation, from (6.20), dyp is equal to 


2 qs + 3/4 1/2 Wland saturation (qs « 1) 


dnp (6.29) 


3 Gael 2/3 SI and saturation (q; >> 1). 


Note that the 5,p thermal noise parameter compares the thermal noise conductance evaluated 
at a given operating point that is not necessarily the same as the one used to define the output 
conductance Gaso (i.e., Vps = 0). It is therefore not very useful for circuit design and is used 
more for modeling purposes. 

For circuit design, it is more useful to define another figure of merit, ynp, named the thermal 
noise excess factor related to the drain and defined as 


Gh n 
aig Soe OD a E, (6.30) 
Gm 8m ds — qa 





Yap represents how much noise is generated at the drain of a transistor for a given gate transcon- 
ductance. Contrary to the 5,p thermal noise parameter, the noise conductance and the gate 
transconductance used in the definition (6.30) are evaluated at the same operating point. Yap 
has a direct impact on the noise performance of circuits. 

The smaller ypp, the better the noise performance of the device. Note that yp can become 
quite large in the linear region when Vp tends to Vs. Indeed, in this region, the gate transconduc- 
tance gets smaller as the drain-to-source voltage decreases, but the thermal noise conductance 
does not decrease, resulting in a degradation of the yap noise excess factor. At the limit when 
Vp becomes equal to Vs, the gate transconductance becomes zero and yap tends to infinity. 

Note that yap is also a figure of merit that can be used for any transconductor (even for circuit 
transconductors) to evaluate how much thermal noise is generated for a given transconductance. 
The smaller ypp, the better the transconductor. 

The d5,p thermal noise parameter and the y,p noise excess factor are related by 


Gn Gas Gas Gas s 
D ig Spn s0 Spn q 


= Gaso Gm E Gm Gms a Gma ds — qa i 





(6.31) 





YnD 


In saturation, Gma = 0 and qa = 0, resulting in 


WI and saturation 
= d,pn = (6.32) 
Gms ne SI and saturation, 


Q 
Q 

2 

— 
vis 





LOW-FREQUENCY CHANNEL THERMAL NOISE 91 





1.2 — 
ip = i (Vp = Vs) ie lig 
1.9 __ A _ h 
fo 0.6 
0.8 0.3 
0.44 Saturation 


0.2F Weak Moderate Strong 
0.9 a e 1 
0.001 0.01 0.1 1 10 100 1000 


ig = Ip / Ispec 
(a) 











Strong (i = 100) 





0 5 10 15 20 
Vas = Vos/ Ur 


(b) 


Figure 6.6 Thermal noise parameter d5,p: (a) versus the inversion factor for a given i,/i, ratio; (b) 
versus Vas for a given ig 


since Gaso = Gms. Forn = 1.5, the thermal noise factor in SI and in saturation is approximately 
equal to unity. 

The thermal noise parameter ônp is plotted versus the inversion factor for different values 
of the i,/i¢ ratios in Figure 6.6(a) and versus the normalized vgs £ Vos / Ur voltage for a given 
inversion factor in Figure 6.6(b). 

It is important to notice that the above results have been obtained with the assumption of 
constant mobility along the channel. The latter assumption is valid for long-channel devices, 
where the lateral electric field E, remains much smaller than some critical field E, defined in 
Section 9.1. As soon as Ex approaches Ee, the carrier velocity starts to saturate and the mobility 
can no longer be considered as constant along the channel. Also, the carrier temperature starts 
to rise, increasing the thermal noise. These effects affect the thermal noise excess factor, which 
can become larger than its long-channel value. These effects will be discussed in detail in 
Section 9.4. 


6.2.3 Circuit Examples 


The effect of thermal noise and more particularly the use of the noise parameters and noise ex- 
cess factor are illustrated with three examples. The first is shown in Figure 6.7 and corresponds 
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Figure 6.7 Elementary sample-and-hold circuit used to illustrate the use of the thermal noise param- 
eter to evaluate the rms noise voltage on capacitor C 


to a simple sample-and-hold function implemented with a MOS transistor operating as a switch 
and a hold capacitor on which the input voltage is sampled and held. To close the switch, the 
gate voltage is set to a sufficiently high value such that the on resistance Ron and the corre- 
sponding Ron C time constant are low enough to allow the voltage on the capacitor to settle at 
a value equal to the input voltage. After the output voltage has settled, the switch is opened 
and the voltage is sampled on capacitor C. Due to the thermal noise of the switch, in addition 
to the input voltage, there is also a noise voltage that is sampled. To evaluate the rms value 
of this noise voltage, the PSD of the noise voltage on capacitor C has to be evaluated first. 
As shown in Figure 6.7(b), this is done by setting the input voltage to zero and replacing the 
transistor by its equivalent small-signal circuit including the noise current between source and 
drain accounting for the thermal noise voltage of the channel. The equivalent circuit simplifies 
to a simple parallel RC network as shown in Figure 6.7(b). The output noise voltage is then 
simply equal to the low-pass filtered current noise according to 


— Ron 


— eT] 6.33 
1+ jo/o, ( ) 


n 


where w: = 1/(RonC) is the cutoff frequency. The PSD of the output noise voltage is then 
given by 





Sy2 = Ron i Sp = Ron S (6.34) 
T+ jo/o| $T TH 0/0) ' 
with S;2 given by 
Sp = 4kT Grp. (6.35) 


In this particular example, after the voltage has settled, the Vps voltage is equal to zero and 
therefore it is better to use the definition of the noise parameter for Gap 


Gup = dnp Gms = G ms = G spec ds, (6.36) 
since for Vp = Vs, dap = 1. Note that Ron = 1/ Gms. Even though the transistor is usually an 


active device, in this particular case it operates as a simple (nonlinear) resistor and the variance 
of the output voltage can be found directly by applying the Bode theorem (see Appendix 6.4), 
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Figure6.8 Linearized MOS transconductor using transistor M, biased in the linear region, illustrating 
the use of the thermal noise excess factor 


resulting in 


V2 = An (6.37) 
7 C 
Another example with a MOS transistor biased in the linear region is the linearized transcon- 
ductor shown in Figure 6.8. It is similar to a cascode stage except that in this case the driver 
transistor Mı is biased in the linear region instead of saturation to take advantage of the linear 
transconductance. Indeed, in the linear region, the gate transconductance is given by 


Gm = BVps (6.38) 


and is therefore set by the drain-to-source voltage, which has to be chosen smaller than the 
pinch-off voltage in order to bias the transistor in the linear region. The overall transconduc- 
tance Gm is obtained from the analysis of the small-signal equivalent circuit of Figure 6.8(b), 
resulting in 


a Zlot _ Gmi X Gmi for Gm2 Ð Gmail. (6.39) 
A Vin 1 + Gma /Gms2 





Gmeq 


This means that for Gms2 >> Gmai, the overall transconductance Gmeq is equal to the 
transconductance Gy, of Mı. The latter condition suggests to bias M> in weak inversion in 
order to get the largest source transconductance for the imposed bias current. 

A first-order noise analysis can be carried out by setting the AV;, to zero and assuming that 
the cascode transistor M, and the bias current source can be made noiseless, the only noise 
contributor being transistor M,. With the help of the small-signal circuit shown in Figure 6.8(c), 
the output noise current is given by 


Int 


Lion = =n, for Guns G mdi, 6.40 
out 1+ Geni /Gasr 1 for Gms2 > Gmai (6.40) 





which means that all the current noise generated by transistor M, is conveyed to the output. 
The output noise current PSD is then equal to the PSD of transistor M1: 


Sp, = 4kT Gnom = Sp = 4kT Gros. (6.41) 
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As mentioned above, this linearized transconductor can be evaluated in terms of noise perfor- 


mance by evaluating its noise excess factor 


y, A Gnout ~ Gapni 
neq — = 
Gineq Gmi 








= VYaD1; (6.42) 


which is simply equal to the thermal noise excess factor yapı of transistor Mı. Since M, is 
biased in strong inversion and in the linear region, (6.30) simplifies to 


Ade qa + qsıqaı + Gai 








qu = (6.43) 
noB qsı + Gat 
and the thermal noise excess factor becomes 
2q4+4 21+a+a? 
YoD1 = ee nı ds t EL 4a _ nı wie = ; (6.44) 
dst — Gat 3 431 — Wat 3 l-a@ 
where 
gaa (6.45) 
qds1 
which in strong inversion is equal to 
Up] — U, 
a= alee e, (6.46) 
Up1 


with £ ê vai /Up1. Since the drain voltage of Mı has to be much smaller than its pinch-off 
voltage £ < 1 and hence (6.44) can be approximated by 


~ MM Upt ~ Voi — Vron 
YoD1 = E =N] = . 








(6.47) 
Val Vps 


For biasing M; in the linear region, the overdrive voltage is necessarily larger than the Vps 
voltage, resulting in a thermal noise excess factor larger than the value obtained in saturation 
(about equal to n 2/3 S 1). 

The last example is shown in Figure 6.9 and corresponds to a diode-connected MOS tran- 
sistor. The noise PSD of the voltage fluctuation across capacitor C can be evaluated from 
the small-signal circuit given in Figure 6.9(b), where the conductance Gm corresponds to the 
small-signal conductance of the diode-connected transistor M and the noise current source to 
its thermal noise. The noise voltage fluctuation V, is then given by 


1 1 


Vine o 
Gm 1+ jo/a 


To: (6.48) 
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Figure 6.9 Diode-connected MOS transistor used to illustrate the use of the thermal noise excess 
factor in circuits 


where œ  Gm/C is the cutoff frequency of the low-pass filtered white noise. The corre- 
sponding PSD is then given by 


1 1 
Sy = = ——— Sp, 6.49 
H GIH (w/a? " ia 
with S72 given by (6.35) with Gap equal to 
Gnp = VoD Gn. (6.50) 


Rewriting Sy2 = 4kT R,(@), where R,(@) corresponds to the gate input-referred equivalent 
noise resistance given by 


Yond 1 
Gm 1 + (@/a@)? 





R,(@) = (6.51) 


Note that R,(@) is frequency dependent. The noise voltage variance is then obtained by inte- 
grating the PSD over the frequency from 0 to +00. Since the cutoff frequency and the noise 
resistance are respectively proportional and inversely proportional to Gm, the integral does not 
depend on Gm. This is similar to the simple RC network discussed in Appendix 6.4 except for 
the additional y,;p parameter. The variance is therefore given by 


2 = hD. (6.52) 


The thermal noise voltage variance is therefore yp times that of a passive RC circuit. Since 
for long-channel devices, Yap can be smaller than 1 (but is always larger than 1/2), the noise 
generated on capacitor C by an active transistor connected like a diode can be smaller than 
that obtained from a passive RC circuit. For a long-channel device, in strong inversion and 
saturation, yap = 1 and there is almost no difference. As will be shown in Section 9.4, for 
short-channel devices (actually at high lateral electric field), the noise excess factor yp can 
become significantly larger than 1, degrading the performance of analog circuits. 
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6.3 FLICKER NOISE 


In addition to the thermal noise of the channel described above, the MOS transistor also 
exhibits flicker or 1/f noise. As its name suggests, flicker noise is characterized by a PSD that 
is inversely proportional to frequency. It therefore mainly dominates at low frequency, below 
the so-called corner frequency fk defined as the frequency at which 1/f noise contributes 
equally than the channel thermal noise to the total noise PSD (referred indifferently at the 
drain or at the gate). Because the 1/f noise scales inversely proportional to the gate area, it 
is becoming a major issue for analog IC design in deep and ultradeep submicron devices. 
Corner frequencies of several tens of megahertz are now typical, and hence low-frequency 
analog circuits are usually totally dominated by 1/f noise. Techniques exist to reduce or even 
eliminate this low-frequency noise. The most obvious one is to size the gate area in order to 
bring down the corner frequency to an acceptable value. This is done at the expense of higher 
capacitances, which require higher transconductance and hence higher current for the same 
characteristic frequency. Other circuit techniques such as chopper stabilization and correlated 
double sampling can be used to eliminate the 1/f noise [92,93]. 

There are basically two main causes to this 1/f noise. The first results from carrier fluctua- 
tions of the inversion charge due to trapping in traps located in the oxide close to the Si-SiO2 
interface, whereas the second originates from fluctuations of the carrier mobility. Each of these 
causes will be presented below. 


6.3.1 Carrier Number Fluctuations (Mc Worther Model) 


The flicker noise due to carrier fluctuations originates from the fluctuations of the inversion 
charge close to the Si-SiO) interface due to variations of the interfacial oxide charge resulting 
from dynamic trapping/detrapping of mobile carriers from the channel into slow border traps 
[91,94—96]. 

Consider again a section of the channel comprised between x and x + Ax. The current at 
position x is obtained from (4.5) 


dV 
Ip = WaN Godu > 


where N(x) = —Q;i(x)/q is the number of carriers per unit area. If a number of carriers get 
trapped at a position x, the relative current fluctuation is then given by 


dIp(x) _ dN if ôu 
Ip E N H 





, (6.53) 


where the mobility fluctuation term is induced by the influence of the trapping on the scattering 
mechanism. The mobility being affected by the trapping mechanism hence depends on the 
number of trapped charges per unit area N, according to [97,98] 


1 Lie ces 1 
—=—+a,.M = — + &c| Qil, (6.54) 
H Ho Ho 
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where Q, = —qN, is the trapped charge density and a, £ &/q is the Coulomb scattering 

coefficient which is about 104 Vs/C for electrons and 10° Vs/C for holes in silicon [95, 97, 98]. 

Accordingly, & is about 1.6 x 10715 Vs for electrons and 1.6 x 10714 Vs for holes in silicon. 
Accounting for this scattering mechanism, (6.53) can be rewritten as 


51 1 dN 1d 1 daN _ 
p@) _ +- £ |m neg aan a u) SN. (6.55) 
Ip N dN u dN N dN, 





We can relate 5N and ôN, considering that the fluctuation 5 Q, of the trapped charge density 
causes a variation 5Y, of the surface potential which produces a change of all the charges that 
depend directly on Y%, namely the inversion charge, the depletion charge, and the gate charge. 
These other charges vary according to the charge conservation principle, resulting in [99] 


Qs +Q + 60; = —85O,, (6.56) 


where 5Q,, Q» and 5Q; are the induced fluctuations of the gate, depletion, and inversion 
charge densities respectively.> They can be related to the fluctuation of the surface potential 
ôW, according to [99] 








Qs = —Cox 6%, (6.57a) 
505 = — Cp 5G, (6.57b) 
8Q; = —C, db. (6.57c) 
It follows that [99] 
ôN 6Q; Ci 
RÊ = 2 = ; (6.58) 
ôN, 50, Ci + Cox + Ca 





It can be shown from (4.3) and assuming V = const., that Ci = — Q;/ Ur and therefore [98] 








~ Qi N 
RS aoe NIN (6.59) 
where Q; = —q N and 
A * Ca 
Q* = —q N* = —Ur Cox (1 He ) ; (6.60) 


From the definition (3.70), the term 1 + Ca/Cox in (6.60) is actually the slope factor in weak 
inversion nw which is approximately equal to the slope factor n. Equation (6.60) then reduces 


5 Note that the additional variation of the interface traps 5 Qit, originally included in the analysis presented in [98,99], 
has been neglected considering that they are much smaller than the variations of the other charges. 
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to 
Q* = —nU7 Cox = See, (6.61) 


with Qspec given by (3.42). Equation (6.59) then becomes 


ôN Qi qi 


R= = = ; 
ôN: Qi + Ospec/2 qi + 1/2 








(6.62) 


Using (6.62), the relative local current fluctuation (6.55) can be written as 


dIp(x) 1 5N: 
z ; 6.63 
Tp (= PoR ) Noyes wie?) 


where Nspec £ —Ospec/ = 2kTnCox/q4? anda & ae(— Ospec) = Qe Nspec is a coefficient re- 
lated to the Coulomb scattering coefficient. 

The corresponding PSD of the local noise current source 5/, normalized to the square of 
the dc current is then given by 








= | — ap eae 
AN qi + 1/2 Ne 


The PSD of the trap charge density fluctuation S52 depends essentially on the trapping 
mechanisms into the oxide. For tunneling process, the trapping probability decreases exponen- 
tially with the distance from the Si—SiO> interface into the oxide. The trapping charge density 
fluctuation PSD is then defined by [91, 94-96] 


Sar 
I 








kTANI 


ön? = WAxf’ (6.65) 


where f is the frequency, A is the tunneling attenuation distance (~ 0.1 nm) [95], and Nr 
the oxide volumetric trap density per unit energy in eV~! - m~? evaluated close to the Fermi 
energy level. Note that Nr is obtained from measurements and typically ranges from 10~'” to 
10716 eV—! -cm=3. 
The fluctuation of the drain current due to an elementary section is then given by (6.3) 
Sar 


E Ax 2 Ss 
Dla \EJ B 
Ax\? 1 7 Ssn2 

= +a pu 7 
L qi + 1/2 Ne 


where a constant mobility is assumed.° Finally, the relative PSD of the total fluctuation of the 


S 512 


Ip 











= G} AR? 
AN 


(6.66) 











AN 








6 This is in contradiction with the scattering mechanism described above which would imply that the mobility is 
dependent on the inversion charge and hence on bias. Nevertheless, this approximation allows to derive a simple 
first-order approximation of the bias dependence of the flicker noise. 
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drain current is obtained by integration according to (6.12) 
1 L S 

= = | Ax = 

an L 0 I5 


s A qà Nr 
plan ~ FTW Lm C f 


Sar, 


E dx = Splay Kolas, qa)law> (6.67) 
D 


AN 














with 
(6.68) 


If we assume that Sp|,y is only weakly bias dependent, most of the bias dependence is 
accounted for by the unitless factor Kp(qs, qa)l ay defined by 


1 f 1 2 
Kp(qs, qalan = z I (= +an) d 


1 fS 1 $ 
ees ——_+a 2qi + 1) dqi 6.69 
a (= n) a ) dq (6.69) 


1 1 +24; 2 
= n (1Ha) 4 ee (EY. 
2ig 1+ 24a 1+q,+4 2 


with € Ê x/L and ia = q4? — qå + qs — qa = (qs — Ga) (1 + qs + qa). 

The bias-dependent factor Kp(qs, qa)| ay is plotted versus the inversion factor in saturation 
in Figure 6.10(a) for two values of the œu product. The value œu = 0.4 used in Figure 6.10 
has been taken from Table 6.1 [100]. 

In very strong inversion Kp(qs, qa)lay tends to 








a 2 
Kp(4s, alan = (>) for qs, ga > 1, (6.70) 


whereas in weak inversion Kp(qs, ga)|,y reduces to 





























ee auy? 
Kp(qs, lan = (1 + =) for qs, ga <1, (6.71) 
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Figure 6.10 Bias-dependent factors Kp(qs, qa)lay and Ke(qs, qa)lay Versus the inversion factor 
ig in saturation and for n = 1/2 
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which is equal to unity when the mobility fluctuations induced by the carrier trapping mecha- 
nism can be ignored (i.e., fora = 0). 

As shown in Figure 6.10(a), the behavior of Kp(qs, qa)l| ay Very much depends on the value 
of the wy product. For values of œu that get close to unity, Kp(qs, ga)l,y Starts to saturate 
to (æu /2} in very strong inversion. On the other hand, for small values of œ u, Figure 6.10(a) 
shows that Kp(qs, ga)l an is very close to the square of normalized Gm/{Ip curve. 

For circuit design, it is more useful to refer the flicker noise PSD at the gate by dividing 


2 . . 
Sar, p by Gp, resulting in 


A Sar, pe DAF 
AN = Tae = Splay Kp@s, qalan (2) (6.72) 


Sclan Kos, qa)lan > 








Say2 
Avg 


where 


a q kT à Nr 


Solan = y ECZ F F (6.73) 


Assuming again that Sg|,,y is only weakly bias dependent, most of the bias dependence is 
captured by the factor Kg(qs, qa)| ay defined by 


Kolas, dalan =U + qs + 9a) Kols, dadlan - (6.74) 


The bias-dependent term Kg(q;, qa)l ay is plotted versus the inversion factor in saturation 
in Figure 6.10(b) for the same values of œu used in Figure 6.10(a). As explained above, 
when the correlation term œu is much smaller than 1, Kp(qs, qa)l| an is approximately equal 
to (GmnUr/ Ip}? in saturation and hence Ko(qs, qa)lay is only weakly bias dependent. As 
shown in Figure 6.10(b), for æ = 0, it approximately changes only by a factor 2 over 6 decades 
of current. This is no more the case when œu gets closer to 1. In this case the gate-referred 
flicker noise starts to increase significantly in strong inversion. Figure 6.10(b) also indicates 
that the flicker noise referred to the gate in saturation and due to number fluctuation is minimum 
in weak inversion. 

The source of flicker noise coming from the fluctuation of the mobility will be discussed in 
the next section. 


6.3.2 Mobility Fluctuations (Hooge Model) 


In the Hooge model [101], the drain current noise results from the fluctuations of the carrier 
mobility. The PSD of the local noise current source of an elementary section is given by [91] 


Sse | oH 
Ib Au W Ax (—Q;) F 





(6.75) 


where ay is the Hooge parameter which is unitless and ranges from about 1074 to 1076. 
Assuming a constant average mobility, the fluctuation of the drain current due to an elementary 
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channel section is then given by (6.11) 


























Sse Ax\? S A 
Sf) (+) Se) NN (6.76) 
I6 lau L I lag Wile Ops 
The PSD of the total fluctuation of the drain current is then given by 
Sar, 
2 = Splay Kolas; qa)lap > (6.77) 
I5 Apu 
with 
eesi (6.78) 
D'An RT WL nCox f 
and where Kp(qs, 4a)| a, accounts for the bias dependence and is defined by 
Kp(@qs, qa)l ef = ~ [" (142) a 
ds, qa = = Aq qi = 
i e dya ta Say 2qi 
1 1 qs 
ee Wicca (6.79) 
id 2 qa 
1 In (qs 
= i+ n(q a, 
1 +qs +qa 2(qs — qa) 


The bias-dependent factor Kp(qs, qa)la, is plotted versus the inversion factor in satu- 
ration (i.e., assuming a constant ratio qs/qa = 100) in Figure 6.11(a). In weak inversion, 
Kp(qs, 9a)l ay is approximately given by 





ln (qgs/qa) _ In(is/ir) _ Vos/Ur 


gu (6.80) 
2(qs — qa) 2ig 2ia 


Kp(qs, qa)l An = 








qs / qg = 100 
(saturation) 


qs / qg = 100 
(saturation) 











10° sinw) s rrwwl sonw) s rrn s srol s r 
10° 10° 107% 10° 10 10 10° 10° 107 107 10° 10' 10% 10° 
it = lp / lspec i= lp/ Ispec 


(a) (b) 


Figure 6.11 Bias-dependent factors Kp(qs, qa)| a, and Ka(qs, qa)l a, versus the inversion factor ip 
in saturation (i.e., for qs/qa = 100) 
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whereas in strong inversion, it is given by 











1 1 
Kols, dalap = = — =. (6.81) 
n E E FN 
The gate-referred noise PSD of the drain current fluctuations PSD is given by 
Sar 2 
Ä nD | A Ip 
Say2 Au E a = Splan Kp(@s; qa)l ap (2) (6.82) 
= Salau Kos, lau 
where 
kT nay 
Solaun = ————: 6.83 
Glau WL Cox f ( ) 
and 
Kos, Ilan = (1 + qs + 4a) Kolas, Galan 
In (q; 
= (1+4.+4a) i+ In@s/4a) a], (6.84) 
2(qs — qa) 


Bias-dependent factor Ko(qs, 4a)|a, 18 plotted versus the inversion factor is in saturation 
in Figure 6.11(b). It shows that for a given qs/qa ratio (or equivalently a given Vps voltage), 
Kos, qa)| Ay is decreasing like 1/ig in weak inversion 


~ In@s/qa) _ In Gr/tr) _ Vos/Ur 








Kolas, Walay = =— (6.85) 
wh Aqgs=q) ia 2ia 
In strong inversion, Kg(qs, qa)| a, is approximately given by 
Kolgs, qalay = qs + qa = Vir + Vie (6.86) 


and hence increases like ~if in very strong inversion and in saturation. 
Unlike S avèl > which is minimum in weak inversion, Figure 6.11(b) shows that Sy v2 
AN Au 


is minimum in moderate inversion (in saturation as well as in the linear region). 


6.3.3 Additional Contributions Due to the Source and Drain 
Access Resistances 


An additional contribution arises from the 1/f noise generated in the source and drain access 
resistances [102, 103]. The latter is modeled by two voltage sources in series with the source 
and drain resistances Rs and Rp respectively. Assuming that Rs = Rp = R,/2, the PSD of 
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the resulting drain current fluctuations is given by 


G2, +G? 
gal E TEE re (6.87) 
aD | AR [1 + (Gms + Gma) R,/2] 





where S AVv2 is the PSD of the 1/f noise voltage sources in series with the access resistances. 
Assuming that (Gms + Gma) Ra/2 « 1, the PSD normalized to the square of the drain current 
is then given by 


Sap 
AR, 


I 





= (GZ, + G? ae Si (6.88) 





AR 


Now, the PSD of the voltage source Sy: is related to the PSD of the resistance fluctuation 
Sar by 





Sav2 = Ip Sar. (6.89) 
Equation (6.88) then reduces to 
Sar, 2 
> = (Gi, t G? 4) SAR = (q? + 43) Gor SAR- (6.90) 
1D lar 





In strong inversion and in saturation, (6.90) becomes 


Sap 


nD, 


B = G. SAR? = q? Gec SAR? = 2nB Ip SAR2- (6.91) 


AR 





Assuming that S,,2 is only weakly bias dependent, (6.91) shows that the contribution of the 
access resistances to the flicker noise at the drain in strong inversion sharply increases with 
the drain current (actually proportionally to 73). Hence the access resistances will mostly 
contribute at high current level and should be negligible in moderate and weak inversion. 


6.3.4 Total 1/f Noise at the Drain 


The total 1/f noise at the drain is given by the sum of the different contributions described 
above [95, 100] 


Sar S72 
AR, SAB 


D i 


Sar Sar 
AID AID 


I 





(6.92) 











I2 
AN D lAu AR 


SA P, / IR and the different contributions have been computed using the parameters given in 


Table 6.1 which have been taken from reference [100]. The results obtained for Vps = 50 mV’ 
are plotted versus the inversion factor in Figure 6.12. It can be seen that the contribution coming 


7The Vps = 50 mV bias voltage is not very representative for analog circuit design since most of the time the 
transistors are biased in saturation, except for switches which have a zero Vps. It has been chosen mainly to be able 
to compare the results to the experimental measurements presented in [100], which are the only recent measurements 
found where the PSD is plotted versus the current over a wide bias range. 
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Figure 6.12 Total 1/f noise PSD at the drain in the linear region normalized to the square of the 
drain current and comparison of the different contributions versus the inversion factor. The parameters 
used for the calculation are given in Table 6.1 and are taken from [100] 


from the number fluctuation dominates over a wide bias range (i.e., for 107? < ig < 10°), 
whereas S$, P, /I,, is dominated by the mobility fluctuation at very weak inversion (i.e., for 


i¢ < 107°) and by the contribution coming from the access resistances in very strong inversion 
(i.e., for ig > 107). Note that the case with œu = 0 looks similar to the result obtained in [100], 
where the term due to the mobility correlation is used as a fitting parameter and was found to 
be negligible (corresponding to the curve with ay = 0 in Figure 6.12). 

From a circuit design point of view, it is more interesting to look at the total flicker noise 
referred at the gate. The latter is plotted in Figure 6.13 versus the inversion factor using the 
same parameters than in Figure 6.12. As mentioned above, the number fluctuation contribution 
is dominating S4 v2 for is ranging from 107° to a bit less than 107. In this range and for «u = 0, 
S avg Stays almost constant. It starts to increase drastically in very strong inversion and tends 
to increase also in very weak inversion. 

The data plotted in Figures 6.12 and 6.13 correspond to a transistor biased in the linear region. 
It can be shown that the curves do not change drastically when moving into saturation, as long as 
the drain-to-source voltage is not kept constant and made too large in order to ensure saturation 
also in very strong inversion when sweeping the inversion factor from weak to strong inversion 


Table 6.1 Typical values of parameters taken from [100] and used in Figures 6.12 and 6.13 
for the evaluation of (6.92) 








T W L Tox H n T spec 
[K] [um] [um] [nm] [=| : [uA] 
300 10 0.18 3.5 560 1.4 57.5 
Vos À Nr Qe f QH SR? 

[mV] [nm] [aa] [$] ma - [g] 





50 0.1 7.7 x 10" 10* 10 10-6 10 


FLICKER NOISE 105 


Vps = 50 mV (linear, 


) 
Total (œu = N 


Total (œu = 0 





Figure 6.13 Total 1/f noise PSD referred at the gate in the linear region and comparison of the 
different contributions versus the inversion factor. The parameters used for the calculation are given 
in Table 6.1 and are taken from [100] 


(remember that the required drain-to-source voltage for biasing the transistor in saturation in 
weak inversion is only a few Ur, which might not be enough for ensuring saturation in very 
strong inversion). If a constant drain-to-source voltage large enough for biasing the transistor 
in saturation also in the very strong inversion region is maintained, the gate-referred noise 
increases in weak inversion due to the increase of the mobility fluctuation term. This can be 
understood from (6.85) which indicates that Sc|4, is actually proportional to Vps. 

Of course, the results shown in Figures 6.12 and 6.13 have to be taken with some precaution 
since they strongly depend on process parameters which can change significantly from one 
technology to another. Also, the model presented above as well as the computation assumed a 
constant average mobility and ignored all the short-channel effects. Nevertheless, this gives a 
first idea of the bias dependence of the flicker noise and allows to state that the flicker noise 
should be minimum in the moderate inversion region. 


6.3.5 Scaling Properties 


An important property of the 1/f noise is that it scales inversely proportional to the gate area. 
The product of the 1/f noise PSD referred at the gate times the gate area can be defined as a 
figure of merit for the 1/f noise. This figure of merit is strongly related to the oxide thickness 
and decreases when reducing the oxide thickness. Indeed, from the number fluctuation PSD 


referred to the gate (6.72), it can be seen that the figure of merit W L S4 ve is proportional 
AN 


to the product Nr t2.. In case the oxide trap density remains about constant when scaling down 
the oxide, the noise should diminish significantly with scaled technologies. 

The PSD referred to the gate using the mobility fluctuation model as given by (6.83) is 
proportional to the product ay fox. If the Hooge parameter ay is assumed to be constant, 
the figure of merit for mobility fluctuation therefore decreases also when scaling the oxide 
thickness. 

Therefore, at constant gate area, the 1/f noise improves with scaled technologies, at a rate 
proportional to 7”, where n is comprised between 1 and 2 depending on the bias region. But, 
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when one really wants to take advantage of the scaling, then the ratio t. /(WL) should be 
considered. If all the scaled dimensions are proportional to the scaling factor x < 1, then the 
1/f noise increases like 1/« in the worst case (when 1/f noise is dominated by mobility 
fluctuations) or in the best case remains constant (when the 1/f noise is dominated by the 
number fluctuations). 

Further discussion of the impact of downscaling technology on 1/f noise is presented 
in [96], including the 1/f noise also present in the gate leakage current and its correlation to 


the channel flicker noise. 


6.4 APPENDICES 

Appendix A1: The Nyquist and Bode Theorems 

It is probably useful to recall here some fundamental properties of thermal noise in passive 
RLC networks such as the one shown in Figure A.1. The first is called the Nyquist theorem and 


states that the PSD of the voltage fluctuation between two terminals of a passive RLC network 
is simply given by the real part of the impedance Z obtained when looking into the port 


Sy2(f) = 4kT R{Z(j2nf)}. (A.1) 


The variance of the voltage V, is then given by 
ii TOS T 
a) Sua = 4T: | R{ZG2rf)} - df. (A.2) 
0 0 


Instead of calculating the integral given by (A.2), a more powerful mean to evaluate ve is to 
use the Bode theorem (Figure A.2), which states that 

















= 1 1 
Beir (A.3) 
Cæ: Co 
where Co is defined by 
1 A . 
a eo (A4) 
=e Zio) 
— a 
Noisy al R,= ae pu 
passive : _ non: 
network V : a 4 
(R,L,C) Ry Z LO 
eee =. 


























Figure A.1 The Nyquist theorem for thermal noise in passive RLC circuits 
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Figure A.2 The Bode theorem for thermal noise in passive RLC circuits 


which corresponds to the capacitance obtained when looking into the port after having removed 
all resistances from the circuit (or set them to infinity) as shown in Figure A.2. 
Co is defined as 


1 
— £ lims Z(s), (A.5) 
Co s>0 


which corresponds to the capacitance obtained when looking into the port after having replaced 
every resistance by a short circuit (or set them to zero) as shown in Figure A.2. 

Usually, Coo and Co can be obtained by inspection of the corresponding circuit by applying 
simple circuit transformation rules. 

Both theorems can be illustrated on the simple first-order RC circuit shown in Figure A.3. 
The impedance Z(j w) of the RC circuit of Figure A.3 is given by 


R R . œR?C 
I+joRC 1+ @RC} '1+@RC) 





Z(jo)= (A.6) 


The PSD of the thermal voltage fluctuations is then obtained from the Nyquist theorem as 


4kT-R 


IF ORC? ORC (A.7) 


Sy2(f) = 4kT -R{Z(j2rf)} = 


The variance can then be calculated by evaluating the integral 


ve=aere f af a (A.8) 
a o %L+QnxfRCP C` l 





The later result is obtained directly without computing any integral by using the Bode theorem 


Z(jo) 








Figure A.3 Applying the Nyquist and Bode theorems to a first-order RC circuit 
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T i 


Figure A.4 Applying the Nyquist and Bode theorems to a first-order RC circuit 


as illustrated in Figure A.4. Co is obtained directly from circuit inspection as Cœ = C, whereas 





i sR 
= lim =0 (A.9) 
Co s=>01+sRC 
The noise variance is then obtained from (A.3) as 
— kT 
V2 = —. (A.10) 
C 


Appendix A2: General Noise Expression 


The following derivation is taken from [81]. The expression of the drain current valid in all 
regions of inversion is given by (4.5), which is repeated here for convenience 


dV 
Ip = WCQ) — 
x 


The drain current is decomposed into a dc value [pp and a fluctuation 5/,p(x, t) resulting from 
the local current fluctuation 5/,(x, t) at point x along the channel 


dV 
Ino + dInp(x, t) = uW(—Q;) u h(x, t), (A.11) 


where V = Vo + ôV (x, f) with V(x, t) being the fluctuation of the channel voltage at point 
x. Expanding the current in a series and neglecting the second-order terms lead to 


dInp(x, t) = < [uW(— Qio) V(x, t)] + dIn(, t), (A.12) 


xX 


where Qio = Qi(Vo). 
Integrating from x = 0 to x = L, 


dx 


L 
= ôlh(x, t) dx, 
0 


L L 
Alwp(x, t) L = a [uW(— Qio) V(x, t)] dx +f ôlh(x, t)dx (A.13) 
0 0 
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since in short-circuit condition, ôV = 0 at x = 0 and x = L. The autocorrelation function of 
Alnp is then given by 





Rap (t) = Shol) Shap + 7) (A.14) 





1 L L 
= zl J SLG, Fy Ol, t4 T) dx dx’. 
L* Jo Jo 


The PSD of ATryn is then given by 


1 L L 
Sar (w) = = | T Ssrsr(x, x’, w)dx dx’, (A.15) 
nD L?2 0 0 nye 


where Ssnan (x, x’, w) is the cross-power spectral density (CPSD) between noise at points x 
and x’. If there is no spatial correlation, then S515 (x, x’, w) is a Dirac impulse located at 
point x’ — x 


Ssns x, x’, œ) = F(x, w) d(x’ — x). (A.16) 


Equation (A.15) then reduces to 


1 L 
Saoz | F(x, w)dx. (A.17) 


Applying (A.17) to only one noisy section between x and x + Ax leads to 


CO a (A.18) 
w) = —_ 5 . 
5125 Ax 
which relates F(x, œw) to the PSD of the noise of a single section Ssz2(x, @) 
F(x, w) = Ax Ss2(x, œ). (A.19) 


Finally, (A.17) can be written as 


1 L 
Sar (œ) =7 ‘i Ax Ssp(x, w) dx. (A.20) 


Fá Temperature Effects 
and Matching 








This chapter models variations of the transistor characteristics, which are very important issues 
in circuit design. Section 7.2 considers variations with the temperature, which constitute the 
main external perturbation on transistor characteristics. Section 7.3 is dedicated to the problem 
of mismatch between the characteristics of supposedly identical transistors, which is a very 
important limitation to the performance of most analog circuits. These two kinds of variations 
will be characterized as variations of the basic model parameters established so far, and will 
be traced back to variations of physical parameters. 


7.1 INTRODUCTION 


The purpose of a transistor model is to describe its electrical characteristics. These are essen- 
tially the static and dynamic relationships between the voltages applied at its various terminals 
and the currents flowing through them. 

The model introduced so far describes how these electrical characteristics depend on phys- 
ical parameters. These physical parameters have been lumped into a reduced set of model 
parameters. As long as the physical parameters remain constant, the characteristics and the 
model parameters remain constant. However, some physical parameters may change, thereby 
modifying the transistor characteristics. 

Aging is the consequence of parameters changing with time. It will not be considered here. 

Many parameters are changing with the temperature, which can be considered the main 
external perturbation on the transistor. 

The characteristics of two or more transistors designed to be identical do not match perfectly. 
This mismatch is the consequence of parameters changing in space. 

A list of all basic parameters that influence the characteristics of the transistor is given in 
Table 7.1. It indicates which of them depend on the temperature and which of them may change 
spatially, resulting in mismatch. 





Charge-Based MOS Transistor Modeling: The EKV Model for Low-Power and RF IC Design C. Enz and E. Vittoz 
© 2006 John Wiley & Sons, Ltd. 
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Table 7.1 Basic physical parameters: dependence on temperature and effect on mismatch 


Ur nj No Eoxs Esi Ore Pms tox L,W H 





Temperature Y Y N Ne N Y N N Y 
Mismatch N N Y N Y Y Y Y Y 


Y = yes, N = no, Ne = negligible 


Table 7.2 Intermediate parameters and model parameters: dependence on temperature and effect on 
mismatch 





Pr Cox Vep Ty o n|y Vro B Ospec Tspec 
Defin. 3.8 3.20 3.22 3.30 3.66 3.34 3.58 4.8 3.42 4.14 
Temp. Y Ne Y Ne Y Y Y Y Y Y 
Match Y Y Y Y Y Y Y Y Y Y 


Y = yes, N = no, Ne = negligible 


The temperature is assumed here to be constant in space. As can be seen, most of the physical 
parameters are independent of either space or temperature. The temperature coefficient of 
dielectric constants €,, and ési is small enough to be neglected. 

Table 7.2 is a list of most of the additional parameters that have been derived so far by 
combining some of the basic parameters, including the most important device parameters n, 
Vro, and 6. Most of them depend on temperature and all of them are subject to mismatch. 


7.2 TEMPERATURE EFFECTS 
7.2.1 Variation of Basic Physical Parameters 


As indicated in Table 7.1, only four of the basic physical parameters that control the transistor 
characteristics have a nonnegligible dependence on temperature T. 

The dependence of Ur = kT /q is obvious. This fundamental specific voltage, which has 
been used to normalize other voltages, is proportional to the absolute temperature. Its temper- 
ature coefficient is k/q = 86u V/°K. 

The intrinsic carrier concentration of silicon has the value nj = 1.45 x 10!°cm7? at 300°K, 
but it is strongly dependent on T since [67] 


ni x T? exp u, (7.1) 
T 


where VGap is the voltage corresponding to the energy band gap of silicon. This band gap 
voltage itself depends slightly on the temperature, as shown by Figure 7.1. For the usual range 
of ambient temperature, this variation can be linearized as shown in the same figure. Then 


Voo — aT V, 
ni x T3 exp “Woo = aT) | 732 xp— 


, 7.2 
2Ury 2Uy v2 
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Figure 7.1 Temperature dependence of the silicon band gap [67] 
where Voo = 1.20 V is called the extrapolated band gap voltage. This result is plotted in 


Figure 7.2. Most of the temperature variation is due to the exponential term; therefore, (7.2) 
can be approximated by keeping the term 7*/ constant at a value i ?, 


—Voo 
2Uy ’ 





(7.3) 


ni = Niog CXP 


where nio = 1.73 x 10% cm? for Voo = 1.20 V and Ty = 300°K. This approximation is 
also plotted in Figure 7.2. It departs from (7.2) by about 40% at the limits of the displayed 
temperature range. If more precision is needed, the difference may be reduced to less than 
5% (within the line thickness in the figure) by artificially increasing the value of Vago to 
1.28 V (and adapting the value of ni. to 8.11 x 107° cm-3 so as to maintain n; = 1.45 x 
10!cm~? at 300 °K). 

The Fermi potential ®p given by (3.8) depends on the temperature through Ur and n;. By 
using approximation (7.3) of nj, it can be expressed as 


Ve i 
Pr = -2 — Ur n ŽL, (7.4) 





2 Np 














Intrinsic carrier concentration 
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Figure 7.2 Temperature variation of intrinsic concentration nj. (a) given by (7.2); (b) approximation 
given by (7.3) 
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Figure 7.3 Temperature variation of Fermi potential 


This variation with temperature is plotted in Figure 7.3 for several values of doping concen- 
tration Ny. The value of Vco has been increased by 6.6% to partially compensate for the T*/? 
term in ni, as mentioned above. 

The temperature coefficient of p is obtained by differentiation of (7.4) or more simply by 
inspection of Figure 7.3: 





Ln e (= or) , (1.5) 
dT q M T\ 2 

It is independent of temperature and its absolute values decreases when Nj is increased. This 

value ranges between —1.1 and —1.6 mV/°K. 

Voltage ®ms, the difference between the extraction potentials, depends on the gate and 
substate materials. If both are silicon as in most standard technologies, then ®,, depends on 
their isolated Fermi potentials. By applying (7.4) to express the gate Fermi potential pg, with 
Np replaced by the gate doping concentration Ng, we obtain for a P-doped gate (same type as 
that of the local substrate): 


N 
Dms = Øra — Op = Ur In =È > 0. (1.6) 
Np 


For an N-doped gate (same type as that of source and drain, opposite to that of the local 
substrate), the sign of Ørg is changed, giving 


2 


ní 
Ons = —Ppg — r = —V, Ur In == <0. TT 
FG F Go + Ur NaN; (1.7) 





It is worth noticing that changing the gate doping from P-type to N-type changes ®ms by 





Pyyg(N-gate) — Pys(P-gate) = (Yo —2Uy In ~ | (1.8) 
g 


Indeed, if the gate is highly doped (N, approaches nioo), the Fermi level moves from being 
close to the valence band to being close to the conduction band, thereby crossing the entire 
band gap. Since ms is part of the flat-band voltage Veg according to (3.22), the threshold 
voltage is then reduced by the same amount. 
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From (7.6), the temperature coefficient of Pms for an P-doped gate is 





k : 


From (7.7), the temperature coefficient of ®,,, for an N-doped gate is 


Pms k ip Mico EE EN (1.10) 
=— ln = ms) > 0. : 
a q NM T 





The temperature coefficient is positive in both cases, since Ng > Np. 
If the gate is very strongly doped, then Ng = niœ and the temperature coefficient for both 
types of gate doping becomes 


eee | a= > 0. (7.11) 
df go Ne dT 





Indeed, for a very high doping, Figure 7.3 shows that the temperature coefficient of pg tends 
to zero and 


@ms = constant — Op. (7.12) 


This relation is exact for a metal gate, since its extraction potential is independent of temper- 
ature. 

The last basic parameter of Table 7.1 to be considered is mobility u. The mobility of 
electrons and holes in silicon is affected by several scattering mechanisms [67]. Scattering 
due to acoustic phonons increases with temperature, thereby reducing the mobility. Scattering 
due to ionized impurities has an opposite effect, since it increases at low temperatures; it also 
increases with impurity concentration Np. Within the range of ambient temperatures, their 
combined effect can be approximated by 


pot, (7.13) 


In nondoped silicon, œ is approximately 2.5 for electrons and 2.7 for holes. It decreases to 
about 1 for Ny = 10!8 cm~? [67]. 
From 7.13, the relative temperature coefficient of the mobility can be expressed as 


duju: (7.14) 
dT T : 


corresponding to a range of —0.3 to —1% per degree at ambient temperatures. 

All possible effects of the temperature on the behavior of the transistor as described by the 
model derived in Chapters 3 and 4 will be accounted for by simply including the variation with 
temperature of the basic physical parameters discussed so far. 

However, for a better understanding of the temperature behavior of circuits, it is useful to 
express more explicitly the effect of temperature variations on the model. 
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7.2.2 Variation of the Voltage—Charge Characteristics 


Since neither Qs. nor Cox depends significantly on temperature, the dependence of the flat- 
band voltage Vpp is that of ms given by (7.9) or (7.10). If the gate is strongly doped, it can be 
reasonably approximated by (7.11): 


d VFB dns 


— dop 
2 , (7.15) 
dT dT dT 








with d®p/dT given by (7.5). 

Since the substrate modulation factor I, given by (3.30) does not depend on temperature, the 
variation with AT of the threshold function Vrg (3.33) is only A Vpg, as illustrated in Figure 7.4. 
The slope n(W,) remains unchanged and A(—Q;/C,x) in strong inversion at constant surface 
potential would be —A Vpg. 

However, what is imposed is not the surface potential, but the value of channel voltage 
V = W, — W at the source and at the drain, and W depends on temperature according to 
(3.66) repeated here for convenience: 


Wy = 2O¢ + vp, UT. 


The normalized voltage shift vs, is approximately independent of temperature and smaller 
than 4 according to Figure 3.10. The temperature coefficient of Yọ is thus close to the double 
of that of r given by (7.5): 


dW =) dp + Voh = Voo = 2®Øp ra Von = Voo — WY 


7.1 
dT dT T T T a) 





As represented in Figure 7.4, the variation of threshold voltage, A Vro, is the combined 
effect of A Vpg and AY: 


AVro = AVe + nA, (7.17) 


“4B 3 

















Figure 7.4 Effect of an increase of temperature on voltages and charge 
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where slope should be evaluated at V = 0: n = ng given by (3.73). Hence 


dVro dVrp dW 
= 7.18 
ar ar | ar a 





as can be obtained directly by differentiation of expression (3.58) of the threshold Vro. 
Now, for a highly doped gate, introducing approximation (7.15) with (7.16) and (7.5) yields 
an explicit expression for the temperature coefficient of Vro: 








dVro i ni2 Pee Von = (no — 1/2)(28g — Veo) + m0 Vn 


(7.19) 
dT dT T T 


which is always negative. Using the first expression of d®p/dT in (7.5), this temperature 
coefficient can also be written as 


dVro 
dT 





k Noo 
= — |(1 — 2no) In — + novs l, (7.20) 
q Nb 


showing that, except for the slight variation of no to be discussed further, the temperature 
coefficient of Vro is independent of the temperature. Practical values are ranging from —2.5 
to —1 mV/°K. 

Although the slope factor n at constant W, is independent of temperature, at constant V = 
W, — W it varies through the variation of Yọ. By using (3.34), and (7.16), 





dn d E Ty do n—1Vao—% (7.21) 
dT dW 2WMH+V) dT 2T V+’ 


which is always positive. Practical values are never larger than 0.1%/°K; therefore, this vari- 
ation can be neglected in most situations. 

Neglecting the variation of n, the specific charge density Qspec defined by (3.42) and used 
to normalize the density of inverted charge is simply proportional to Uy; hence, 


d spec spec 1 
Ospec/ Osp Z (1.22) 
dT T 





Since n can be considered constant, the variation of the pinch-off voltage at constant gate 
voltage obtained from expression (3.63) becomes 


dVp 1 dVro 
— = —- . 7.23 
dT n dT ( ) 





The temperature coefficient of — Q; for fixed voltages depends on the mode of operation. 
For strong inversion, differentiating approximation (3.64) and introducing (7.23) yield 


d(— Qi/Cox) = dVr0 
dT Se a 





(7.24) 


This relation is also illustrated in Figure 7.4. 
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The behavior is more complicated in weak inversion. Approximation (3.49) can be rewritten: 


Vp—V 
— Qi = 2nCoxUr exp ; (1.25) 
Ur 





where Ur and Vp depend on temperature. Differentiation gives 


dQ;/Q; V+U,-Y, 1 dV, 
Qi/Q _ + UT P TO (1.26) 
dT TUr nUr dT 





Since in weak inversion V — Vp is usually much smaller than Vgo — 2®p, an inspection of 
expression (7.19) shows that the last term dominates. As for strong inversion above, the charge 
increases with temperature. But the relative increase is maximum in weak inversion. 

In summary, among the three device parameters controlling the charge—voltage character- 
istics of the transistor, only Vro is significantly dependent on the temperature. The variation of 
Cox is negligible and that of n can usually be neglected. 


7.2.3 Variation of the Voltage—Current Characteristics 


The only additional parameter needed to obtain the current from the mobile charge density is 
the transfer parameter £ defined by (4.8). It is proportional to the mobility; hence, from (7.14), 


HR a ae (1.27) 
dT T’ l 


As seen previously, 8 can be replaced as the third parameter controlling the current by the 
specific current I,ye- that is used to normalize all currents. Differentiation of its expression 
(4.14) gives 


dl; ec I, ec a= 
spec/ lsp _ 2 — (1.28) 
dT T 





We have seen that a > 2 for nondoped or lightly doped silicon, resulting in a negative tem- 
perature coefficient of Ispec. For a doping concentration Ny = 10!6 cm7? w & 2, the variation 
of UŽ compensates that of £, and Ispec is approximately independent of the temperature. This 
compensation disappears and the coefficient becomes positive when «œ is decreased below 2 
by further increasing Np. 

The variation of current with temperature for constant bias voltages depends on the mode 
of operation. 

For strong inversion, the differentiation of approximation (4.28) gives 


digr/Ipr  df/p 2 dV 10 
dT dT = n(Vp—Vsp) dT ` 








(7.29) 


Since the temperature coefficients of Vro and £ are both negative, compensation occurs for a 
particular value of n(Vp — Vs.p) = Va — Vro — n Vs,p. This value is ranging between 300 and 
600 mV. Above this limit value, the variation of mobility dominates and the current decreases 
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with increasing temperature. Below this limit, the variation of threshold dominates and the 
current increases with the temperature. 

For weak inversion, the differentiation of approximation (4.34) gives, after introduction of 
(7.28) 


d/pr/Ipr _ Vsp— Vp + (2 — &)Ur 1 Vro 


; 7.30 





which is very close to expression (7.26) for the charge. Here again the last term due to the 
variation of threshold dominates. The current for constant bias voltages increases with tem- 
perature. 

This dependence is very large, typically 5% per degree, due to the strong effect of threshold 
variations on the drain current (large transconductance to current ratio). For this reason, a 
transistor in weak inversion should always be biased at constant current, and never at constant 
gate and source voltages. 

The specific conductance used to normalize transconductances is given by (5.6). Neglecting 
again the variation of n, we obtain by differentiation 


dG, ec Gs ec 1 Pad 
pee! Gspec _ 1a o, (7.31) 
dT T 





Since a > 1, this coefficient is always negative. 

The transconductance for a given value of 6 may be imposed by the voltages or by the 
current. 

For strong inversion and constant voltages, the differentiation of (5.14) yields 


dG ms,d/ Gms,a = dp/B 1 dVro 


, (7.32) 
dT dT n(Vp = Vs.) dT 





By comparing with (7.29), we can see that the sensitivity to threshold variations is half of that 
for the current. The compensation of the variation of 6 therefore occurs for half the value of 
n(Vp — Vs.p), in the range 150-300 mV. 

For strong inversion and constant current, the differentiation of (5.16) yields 


dGnsa/Gmsa _ 1 dB/B œ 
dT 2 dT 2T 





(7.33) 


The relative temperature coefficient of the transconductance is always negative and independent 
of the current. 

As mentioned above, a transistor in weak inversion should always be biased at constant 
current, the differentiation of (5.19) yields 


dG ms,a/ Gins,d = 1 (7 34) 
dT T` l 





Results (7.33) and (7.34) are comparable. The temperature coefficient of the transconduc- 
tance at constant current is always negative. It is about —0.3%/°K at ambient temperature. 
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7.2.4 Variation of the Current-Charge Characteristics 


Relationship (4.19) between the normalized current and charge can be rewritten with nonnor- 
malized variables: 


— Qis,D 
Cox 





B (= = TER (1.35) 


2 
— U. 
2n Cox ) EPET 


where the first term may be neglected in weak inversion and the second term may be neglected 
in strong inversion. Differentiating separately these two components of the inverted charge 
gives for strong inversion 


dQisp/Qisn 1 dB/B _ a (7.36) 
aT = “5. aT — or l 





and for weak inversion 





dQ; i d 1 —1 
Qis,D/ Qis,D = B/B 2% , (1.37) 
dT dT T T 
These results are comparable. The temperature coefficient of the charge at constant current is 
always positive. It is about +0.3%/°K at ambient temperature. 


7.3 MATCHING 
7.3.1 Introduction 


Matching of the characteristics of two or several transistors is a very important consideration 
for analog circuits. Even if transistors are exactly identical in their structure and layout, their 
electrical behaviors are not exactly identical. This is due to spacial fluctuations of the physical 
parameters that control these behaviors, as listed in Table 7.1. 

As summarized in Section 4.4.2, the static voltage—current characteristics of long-channel 
transistors require only three device parameters, namely Vro, 6, and n. Hence, the mismatch 
of their characteristics is completely characterized by the mismatch of these three parameters. 

The sensitivity of these parameters to temperature has been discussed in Section 7.2. If 
there is any difference in the temperature of two or several transistors, due to a gradient of 
temperature on the chip, it produces a proportional difference in the parameters. This gradient 
may be stationary (due to a source of heat on the chip), or it can be transient in time (due to a 
change of ambient temperature that is too fast with respect to the chip thermal time constant). 

Now, even if the temperature does not vary throughout the chip, some variations of the three 
device parameters remain, which can be traced back to those of the physical parameters, as 
illustrated in Figure 7.5. 
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Vro (3.58) ng (3.73) B(4.8) 


Vrp (3.22)  %(3.66)  Ta(3.30) 


p 


Cx 3.20) 





Figure 7.5 Dependence of Vro, no = n(V = 0), and £ on basic physical parameters 


7.3.2 Deterministic Mismatch 


Let us assume that the average value of each physical parameter is slightly different between 
devices. This might be due to a spatial gradient, or to some local difference due to differ- 
ent environments. The resulting small differences of device parameters can be calculated by 
differentiation of the various equations summarized in Figure 7.5. 

We obtain for the difference A Vro of threshold voltages, 


ANb 
AVro = [(2n9 — 1)Ur + (no — 1)¥%] N + 
b 


Ore 
Cox 


ACox Ore A Qic 
Cox Cox Ofc , 
(7.38) 
for the difference An of slope factors (evaluated at n = ng where it is the most sensitive to 
variations of Ny): 





2(no Dw) 








A -1 1 U;\ AN ACox 
r="! je (7.39) 
n no 2 Wo Nb Cox 
and for the difference Af of transfer parameters, 
A A ACx AW AL 
B Au , (1.40) 





B u Ox W L 


To illustrate the importance of each term, let us take a realistic example with Yọ = 0.8 V, 
n = 1.4, and Qfc/Cox = —200 mV. The effects of a 1% variation of each physical parameters 
are summarized in Table 7.3. 


Table 7.3 Effect of 1% variation of the physical parameters on the three device parameters: for 
example WY = 0.8 V, n = 1.4 and Qg/Cox = —200 mV 





Ore Nb Cox H W L 
(7.38) A Vro (mV) 2.00 3.67 —8.40 0 0 0 
(7.39) An/n (%) 0 0.13 —0.29 0 0 0 


(7.40) AB /B(%) 0 0 1.00 1.00 1.00 —1.00 
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As can be seen, n is the less sensitive parameter. Its sensitivity to Cox is only (mp — 1)/no 
times that of 6, and that to M, about half of this. Hence, the contribution of An can often be 
neglected in a first approximation. 

Some correlation exists between the variations of the three parameters, since they all depend 
on Cox. They would be fully correlated if the only varying parameter was Cox. 

Moreover, variations of Vro and n are further correlated by their common dependence on 
Ny. They would be fully correlated if the only varying parameter was Nọ. 

To evaluate the importance of these possible correlations, let us calculate the sensitivity of 
the saturated drain current (forward current Ip) to variations of the three device parameters. 
As obtained in Chapter 4, this current is a function of Vp — Vs according to 


(7.41) 


Vo — V V 
i = T spec Fi(vp -= Us) = 2npU; Fi (“8 J =) 


nUr Ur 


where F; may be the inverse of the function defined by (4.25). Hence, by differentiation with 
constant Vs, 








AB An T spec dh An 
Alg = | — + — | F+ AVg — AVro — (Vg — Vro) : (7.42) 
B n n dVp n 
—H—$—S’” 
Gn 


The gate transconductance Gm can be identified as the factor of AVG (independently of the 
exact form of Fy). We obtain finally 








Al A An Gm 
r AB 


An 
= AVg — AVro — (Ve — Vro) ; (7.43) 
Ip B n Tp n 
For A Vo = 0, this equation gives the mismatch of saturation currents for transistors having 
the same gate and source voltages: 


Alr AB Gm Ga An 
Poa AVro+ |1 (Vo — Vro) ; (7.44) 
Ip B Ip Tp n 








In this situation (for example in a current mirror), A /£ contributes directly to Ap / Ip, whereas 
A Vro is weighted by Gm/{p, the transconductance to current ratio that is only a function of 
the inversion coefficient JC, as shown by Figure 5.6. When IC is increased, G,,/ Jp decreases, 
thereby reducing the effect of A Vro. 

Expressing AVg for AJr = 0 in (7.43) gives the mismatch of gate voltages for transistors 
having the same saturation current and the same source voltage: 


A= AV Nae (7.45) 
G= TO Ga B G TO Ga F . . 





In this situation (for example a differential pair), A Vro contributes directly to A Vg, whereas 
AB/f is weighted by It/Gm. When IC is increased, IF / Gm increases, thereby increasing the 
effect of AB/B. 
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Figure 7.6 Contributions to current mismatch with Yọ = 0.8 V and n = 1.4: (a) for ACgx/Cox = 
+1% alone; (b) for AB/B = —1% alone 


In both cases, the factor weighting An/n is a function of the inversion coefficient, since 
Vg — Vro can be expressed from (4.25) as 


Ve Vine nh [vi F4IC + In(V1+4IC — 1)- (1+ In2)| + nV, (1.46) 
whereas from (5.29), 


Gm 2 
= i 7.47 
Ip  nUr(VI+4IC +1) ole 


The mismatch of currents calculated by introducing (7.46) and (7.47) into (7.44) separately 
for differences in Cox and My of 1% is plotted in Figure 7.6, using values given in Table 7.3. 

As can be seen, the effect of A Vro increases drastically in weak inversion (IC < 1), whereas 
that of AB dominates in strong inversion (JC > 1) for variations of Cox. Their (additive) corre- 
lation is therefore relevant only in moderate inversion, when both contributions are comparable. 

For Vs = 0, An causes a slight reduction of mismatch in very weak inversion, which can 
again be neglected. 

For Vs > 0, the current mismatch is increased by the contribution of An, especially in weak 
inversion. This can be explained by the fact that the effective gate voltage threshold Vro + n Vs 
becomes dependent on n. 


In strong inversion, some terms are negligible in (7.46) and (7.47), hence (7.44) is reduced 





to 


Al AB Gm Gm An 
= AV 1 V: 7.48 
T- 5 T, AV" ( + T- n s) = (7.48) 





whereas in weak inversion it becomes 


Al A AV V: A 
F B 4 (1 nIc >) n 





; 7.49 
Tp B nUr T/ n OAR 
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Figure 7.7 Separate contributions to gate voltage offset with Wọ = 0.8 V and n = 1.4: (a) for 
ACox/Cox = —1% alone; (b) for AN, /N, = +1% alone 


The mismatch of gate voltages (gate voltage offset) calculated by introducing (7.46) and 
(7.47) into (7.45) separately for differences in Cox and Mp of 1% is plotted in Figure 7.7, using 
values given in Table 7.3. 

As can be seen, the contributions of A£ and An increase in strong inversion (JC > 1), 
whereas that of AVro dominates in weak inversion for Vs = 0. Correlations through AC x 
and AN, are additive, but relevant only in moderate inversion, when the contributions are 
comparable. 

For Vs = 0, An causes a slight reduction of offset in very weak inversion, which can be 
neglected. 

For Vs > 0, the offset is increased by an amount equal to VsAn, which can again be 
explained by the fact that the effective threshold becomes dependent on n. 

In strong inversion, (7.45) can be approximated by 


Fe ca CRT NTE A td (7.50) 
= n ——< m 
G TO Gn B G.. Dee 





This expression shows that the correlations through AC,x and AM, are indeed additive, since 
the signs of A Vro, An, and — A£ are the same, as we can see in Table 7.3. 
In weak inversion, (7.45) can be reduced to 


A 
AVg = AVro — nUr z + [dn IC — 1)Ur + Vs] An, (7.51) 





showing that the correlated An slightly reduces the offset for Vs/Ur < 1 — In IC, but aug- 
ments it above this limit. 

Appropriate layout techniques can be used to virtually eliminate the systematic mismatch 
discussed in this section [104]. 

Transistors to be matched should be implemented as close as possible, in order to minimize 
the effect of gradient and/or other variations of low spacial frequency. 

Their environments should be fully identical, in order to avoid local variations of critical 
physical parameters. 

In order to eliminate the effect of a constant gradient, each device can be split into two 
half-width devices located each side of an axis of symmetry and connected in parallel. Best is 
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the implementation of pairs in quad configurations, since it also ensures the same environment 
for the two transistors. 

We have considered differences between the average values of parameters across the devices. 
However, except for Vps = 0, Q; is not constant along the channel. It is larger close to the 
source (in forward mode) and therefore the current is more affected by a difference of physical 
parameters close to the source. Hence, transistors to be matched should have the same source— 
drain orientation to avoid an additional effect of gradients. 

The mismatch that remains after elimination of these systematic variations is due to statistical 
fluctuations of the physical parameters across the area of the transistor channel. 


7.3.3 Random Mismatch 


Let us assume that the random fluctuations of a parameter P are not spatially correlated. It can 
be shown [105, 106] that the standard deviation of the difference AP of average values of P 
across two separate regions of area WL is given by 


Ap 
VWL 


where Ap is the area proportionality constant for parameter P. 

This relation can be understood by considering the particular example of Cox illustrated in 
Figure 7.8. 

If for an element of surface of unit area, 





o(AP)= (7.52) 


Ou(ACox) 


sian 7.53 
C.. Cx (7.53) 


then for the total area, the standard deviation of the difference of total capacitances is increased 
by the square root of the area (the variance increases linearly with the area), whereas the 
capacitance increases with the area. Hence, 


a (AC ox) = Acox¥ WL Acox 








= 7 (7.54) 
Cox WL VWL 
ulACox)_ 4 o(ACox) _ Acox JWL _Acox 
Cox Cox Gx Cox WL JWL 
Unit area Area WL 














Figure 7.8 Dependence of o(ACox/Cox) on channel area WL 
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Figure 7.9 Dependence of o (AW) and o (AL) on L and W 


The same averaging across area takes place for the fluctuations of parameters Ofc, Nb, 
and u. 

The situation is somewhat different for the fluctuations of W and L. First, they are best 
characterized as absolute values and not as a percentages. Furthermore, they are not averaged 
across an area, but along a distance. Indeed, as illustrated by Figure 7.9, noncorrelated fluc- 
tuations of width are averaged along the length, and noncorrelated fluctuations of length are 
averaged along the width. If for an element of surface of unit length, 


(AW) = Aw, (7.55) 


then for the total length L, it becomes 








Ag JL A 
o(AW) = wv Seu (7.56) 
JVL 
and symmetrically, 
Ay af A 
6(AL) = — W mile (7.57) 
W JW 


Proportionality constants Aw and A, could be different if the etching process defining the 
gate is anisotropic. We will assume that they are identical, of value Aw, = Aw = AL. 

Now, the device parameter affected by variations of W and L is B x W/L. If it is small, 
the relative difference of aspect ratios can be expressed as 


A(W/L) AW AL 


WIL W L’ goo) 





the variance of which is 


E ~a pe a] ie (=). (7.59) 
W/L W L 
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Introducing (7.56) and (7.57) with Aw = Ay = Aw, yields 


o (ER) — Awa G + >) = Avi (z+ v5) (7.60) 
W/L WL\L W (WL)3/? L W 

The mismatch of W/L decreases faster than that of other relevant parameters when the 
channel area is increased while keeping W/L constant. Its contribution to the mismatch of 8 
can therefore be made negligible by increasing WL. Moreover, its variance is minimum for a 
square channel and increases with approximately the square root of the aspect ratio. 

It should be emphasized that the proportionality constant Ap was defined by comparing the 


mismatch of two identical transistors (same nominal values of W and L). If one transistor is 
infinitely large, then the mismatch is reduced by V2. Hence, for two transistors of different 


W L, it becomes 
CA ea ee ee (7.61) 
oO = & 4 
J2\ WL WL 


Now, except for very large dimensions, the mismatch of two transistors of different sizes 
is increased by side effects. Hence, a ratio M/N of B x W/L is best obtained by a series 
and/or parallel combination of M and N identical elementary transistors of same W and L. 
The resulting mismatch is then given by 








Ap 1 i 1 
J2WLVM N 


Using the variances defined above for the (uncorrelated) mismatches of the basic parameters, 
the variances of the three device parameters are obtained directly from (7.38), (7.39), and (7.40): 





o(AP) = (7.62) 


o?(AVro) = [(2no — Ur + (n — DW 0? (=) 
b 


2 
[Beam eo (22) 




















Cox ox 
+(e) #(Z) os 
o2(An) = (no vlG a (e (=) (7.64) 
(=n ()en()on[aML ow 


According to (7.52), the same equations are applicable if each o(P) is replaced by the 
corresponding area proportionality constant Ap. 

Now, the mismatch of these three parameters is possibly correlated through AC), and AN. 
In order to evaluate the practical importance of this correlation, an example is illustrated in 
Figure 7.10. The mismatch of drain currents and gate voltages is calculated for three cases, 
with the same realistic values of ø (4A Vro) and o( 4). 
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Figure 7.10 Mismatch of (a) drain currents and (b) gate voltages of saturated transistors. Case 1: 
uncorrelated A Vro, AB, and An (hence An = 0). Case 2: Fully correlated A Vro, AB, and An, with 
On = 0.2% and Vs = 0. Case 3: same as case 2, but with Vs =1V 


In the first case, we assume no correlation between the three device parameters, which is 
possible only if AC,, and AM, are negligible. Then An is also negligible and Vs has no effect 
on matching. We obtain from (7.44) and (7.45) [104] 


Al A Gay 
o (2E) = yor (48) + (S) orcar 0.66 


2 
savo = orava (E) o (2) a6 


In the second case, we assume perfect correlation between the three parameters, and Vs = 0. 
This is possible only if the sole source of mismatch is AC,x. Then, according to Table 7.3, the 
sign of Af is opposite to that of An and A Vro. Mismatch is then calculated by replacing each 
variation by its variance in equations (7.44) and (7.45), taking into account this sign difference. 

The third case is the same, but with Vs =1 V. 

Cases 1 and 2 are the two extreme cases for Vs = 0. Real cases will be in between, with only 
partial correlation between device parameters. As can be seen, the maximum ratio between 
these two extremes is about /2 when the effects of AVro and Af are equal in moderate 
inversion. So the correlation can be compensated for by doubling the value of WL. The 
mismatch of slopes, An, has a negligible effect. 

As already pointed out, for Vs > 0, the effective threshold Vro + n Vs becomes dependent 
on n, and the mismatch in weak inversion is increased by An, as illustrated in Case 3. If A Vro 
and An are dominated by AC, x, then o (A Vro) is simply increased by o(An)Vs. 

If AN, dominates, which is usually the case in deep submicron processes, then A Vro and 
An are fully correlated, with no correlation with Ap. 

The random variation of AN, is essentially due to the limited total number Not of ionized 
impurities in the depletion layer. Assuming a Poisson distribution, then 


> (AN 2 2 
o = = ; (7.68) 
Nb Mtot W Lta Np 
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where the factor 2 comes from the fact that we compare two transistors. The thickness tg of 
the depletion layer given by 3.26 can be evaluated at W, = W: 











2 si 
EN eee. (7.69) 
q Np 
resulting in 
AN 1 2 
a ( e) = yi (7.70) 
Nb VWL WoesiNo 
Now, if AN, dominates and if Yo >> Ur, then 7.63 can be approximated by 
AN N AN 
o(AVz0) = (no — 1) Yoo (=) - zv» (5 e) (7.71) 


where no has been replaced by its expression (3.73). By introducing o (5) given by (7.70) 
and Jj, given by (3.30), we obtain the area proportionality constant for threshold mismatch 


365 NY 
Avro £ VWLo(AVr) = = Laram (1.72) 


Now, the comparison of (7.64) with (7.63) for Yo >> Ur shows that if mismatch is dominated 
by AN, then 





A Avto 1 q?EsiNo 
A, 2 VWL o (An) = z 4 j 193 
OS pa ie 2y g 


It should be pointed out that (7.72) and (7.73) are slightly pessimistic, since tą in (7.69) 
is evaluated at W, = Wo, which is its minimum value. For Vs > 0, W, > Yọ + Vs and fq is 
increased, thereby decreasing AN,/ Np according to (7.68) [107]. However, this small effect 
can be neglected as compared to the global effect of increasing Vs. Indeed, since A Vro and 
An are fully correlated by their common origin A N,, the mismatch of effective gate threshold 
voltages Vro + n Vs is 


V. 
o (Vro + nVs) = o (Vro) (1 + a): (7.74) 


This expression describes explicitly, for the particular case of A Vro dominated by AN, the 
effect of Vs illustrated by curve 3 in Figure 7.10. An important consequence of this increase of 
mismatch due to Vs > 0 appears in a differential pair: its input offset voltage is increased by 
the nonzero source voltage if the two paired transistors are not put in a separate well connected 
to their sources. 


Part Il 


The Extended Charge-Based 
Model 


This second part models several nonideal effects that should be added to the core model 
developed in Part I, in order to best describe modern MOS transistors, in particular those 
realized in deep submicron processes. Chapter 8 focuses on effects that already affect long- 
channel devices, whereas Chapter 9 specifically adresses the short-channel effects. Finally, 
the passive devices that must be added to account for the extrinsic part of the transistor are 
modeled in Chapter 10. 
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8 Nonideal Effects Related 
to the Vertical Dimension 








All the nonideal effects discussed in this chapter remain compatible with expression (4.40) of 
the drain current. Hence, they do not affect the fundamental property of symmetry discussed 
in Section (4.5). Section 8.2 shows the impact of the mobility reduction resulting from a large 
gate voltage. Current and tranconductances are reduced, but their ratio is not much affected. 
Section 8.3 investigates the case of nonuniform vertical doping, with a detailed analysis of 
two particular profiles. The following sections examine the consequences of the very high 
substrate doping and very thin gate oxide introduced in aggressively scaled-down processes. 
Polysilicon gate depletion discussed in Section 8.4 can be accounted for by a reduction of 
specific charge and current, by an increase of the slope factor for voltages, and by an increased 
threshold voltage. Band gap widening due to quantum effects is examined in Section 8.5. It 
has the same qualitative effect on charge, current, and threshold voltage as polydepletion, with 
which it is usually combined. Gate leakage current due to tunneling through a very thin oxide 
is analyzed in Section 8.6. Negligible if the oxide is thicker than 3 nm, this current increases 
by more than a factor 10 for each 0.2 nm of thickness reduction. 


8.1 INTRODUCTION 


In this chapter we still consider a long and wide channel that is homogeneous in the x direction 
(along the channel). As demonstrated in Section 4.5, the fundamental property of symmetry is 
not affected; hence, the drain current can still be decomposed in a forward component Ip and a 
reverse component Jp. We will separately discuss the main nonideal effects that are related to 
the vertical dimension, and show how they can be accounted for by modifying the basic model 
presented in Part I. 


8.2 MOBILITY REDUCTION DUE TO THE VERTICAL FIELD 


In a MOS transistor, the current flows very close to the silicon surface. As a consequence, the 
mobility of current carriers is lower than deep inside the substrate (typically two to three times 





Charge-Based MOS Transistor Modeling: The EKV Model for Low-Power and RF IC Design C. Enz and E. Vittoz 
© 2006 John Wiley & Sons, Ltd. 


134 NONIDEAL EFFECTS RELATED TO THE VERTICAL DIMENSION 


lower), due to various scattering mechanisms [67]. This mobility is further reduced if the 
vertical field E, becomes too large. This field dependent mobility can be approximated by [1] 


Ho 


E E (8.1) 
1+ Eetr/Eo 


Uz: = 


where uo is the low-field surface mobility, Ey = 4 x 10’ V/m the electric field at which 
the mobility starts to decrease significantly, and Eee the average field in the inversion layer, 
approximated by 


1 
Eese = 2 [E;s + Ey] ’ (8.2) 


where E,, and E, are the values of the vertical electric field at the surface and just below the 
inversion layer respectively. 
According to the Gauss law illustrated by Figure 3.2, 





Ezs = —(Qi + Ov)/€si and Em = = —Op/ési- (8.3) 
Hence 
1 

rps (o+ = £). 84) 

Esi 2 

Introducing (8.4) in expression (8.1) of the field-dependent mobility yields 
Ho Ho 
n — = ; (8.5) 
BS [= BABE T+ OG, + G:/D 


In the second form, the charge is normalized to Qspec defined by (3.42) and @ depends on 
Eo according to 


Q spec 2n Cox Ur 


0 = = . 8.6 
Esi Eo EsiEo 18:0) 





The mobility reduction is a function of the inverted charge density Q; and of the bulk 
depletion charge density Q». The latter is given by (3.55) as a linearized function of Qi, where 
the slope factor n can be replaced by its value ny given by (3.68) resulting in 


Wp — qi 


—. 8.7 
1+4 Wp ma 


qb = 


Introducing this result in (8.5) provides the variation of mobility with mobile charge qj: 


Uz 1 
a 8.8 
uo = kigi +k ee) 


where 


0 ! J d k=1+ Op (8.9) 
= — an = R 
i EN 1+2% 
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Figure 8.1 Effect of mobility reduction due to the vertical electric field 


Alternatively, Yp may be replaced by the pinch-off voltage v, by means of their relationship 
(3.47), their difference being very close to Wo, according to (3.66). 

The correction for mobility reduction can be introduced by multiplying the qi(v) charac- 
teristics of Figure 3.11 by uz/uo. Using qi as a parameter, die can be calculated by (8.8), 
whereas the channel voltage v is obtained from (3.48). Results for several realistic values of 
parameter 0 are plotted in Figure 8.1. 

For 6 = Q, there is no mobility reduction and the function is identical to that of Figure 3.11. 
For 0 > 0, the function is reduced. As can be seen from (8.5), this reduction is more important 
in strong inversion where qi >> 1. However, due to the effect of depletion charge q» given by 
(8.7), it is also present in weak inversion, especially if yp is large, corresponding to a large 
value of Vg. 

If the transfer parameter 6 (4.8) is calculated for u = nọ, then the forward and reverse 
components of the drain current are obtained after replacing qi by uzqi/no in (4.16). Hence 
(4.18) becomes 


f sd Qqit1 1 2) ( ky )| 
ify = dg; = 2ds.a+ {| 1—2— ) In| 1+ ~q; : 8.10 
x [ kiq + k2 : ky | i ( ky h ia 


Using qs,4a as a parameter and equation (3.48) to obtain vs,a, this result is plotted as curve 
a in Figure 8.2 for a large value of 0. If 0 tends to zero, the coefficient kı also tends to zero 
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Figure 8.2 Effect of mobility reduction on current: (a) exact result (8.10); (b) third-order series 
expansion (8.11); (c) second-order series expansion (8.12) 
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and expression (8.10) diverges numerically. It can be approximated by its third-order series 
expansion in which the term 2¢, q is canceled: 


a L +41 : A 193 (8 11) 
Ie, = 5 í ae . 
f, ko qs,d 2k> dsa 3k 154 


which is represented as curve b in Figure 8.2. 
Further simplification is possible by limiting the expansion to the second-order term and 
neglecting ae <l: 





1 
ine = zsa + qła). (8.12) 
2 


Hence, in this approximation, the current is simply reduced by the factor k2. As shown by 
curve c in the same figure this is an acceptable approximation if vp — vs,a is not too large. The 
transfer characteristics in strong inversion remain close to a square law for a constant gate 
voltage vg corresponding to a constant value of k2. The gate-driven transfer characteristics 
depart more significantly from a square law since vp and Wp increase linearly with vg, thus 
modulating the value of kı and kz according to (8.9). This can be observed in the ,/is(vp) plot 
illustrated in Figure 8.3. 

The source and drain transconductances at fixed voltages (depicted in Figure 5.1) are reduced 
proportionally to uz/no. Hence from (8.8), 


1 


> , (8.13) 
kı + k2/qs,a 





uz 
8&ms,d = ds,d 
Ho 


Their dependency on the forward and reverse currents can be obtained by first expressing 
qs,a(if,r). Since expression (8.10) cannot be inverted, this can be done by inverting its second- 
order approximation (8.12). This yields 


4/1 + 4koi¢e — 1 
VEE EE, (8.14) 


ds,d = 2 
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Figure 8.3 Transfer characteristics from the gate: (a) exact result (8.10); (b) third-order series ex- 
pansion (8.11); (c) second-order series expansion (8.12) 
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Figure 8.4 Effect of mobility reduction on the transconductance to current ratio: (a) using (8.15); 
(b) exact result 


which is identical to (4.24) for 0 = 0 (kı = 0 and kz = 1). Introducing (8.14) in (8.13) results 
in 


1 
&ms,d = 2k ’ (8.15) 


k ete 
j + a/ 1+4k2ifr— 1 


which is identical to (5.11) for 6 = 0. Using this result, the variation of Zms,a/ if, With ig, is 
plotted as curve a in Figure 8.4 for a large value of 0. It departs only very slighly from the 
“exact” solution (curve b), obtained by using qs,a as a parameter in equation (8.13) of gms and 
in the full equation (8.10) of ig. The gate transconductance gm is still related to gms and gma by 
(5.9) since this relationship was derived independent of the mobility. Therefore, all expressions 
of gm are affected by mobility reduction. 

It is worth noticing that the simple expression (5.17) of gm in linear mode is no longer valid. 
The reason for it can be understood by examining Figure 8.5 that shows j1,q;/4o(v) for various 
values of vp, calculated from (8.8) and (3.48) (using qi as a parameter). Indeed, changing vp 
(or vg) not only moves the curve vertically [as it did to gj(v) in Figure 5.2] but also modifies 
its slope. The figure also shows gms, 8ma, and ig for vp = 80 and given values of v, and vg. 
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Figure 8.5 Effect of increasing vp 
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8.3 NONUNIFORM VERTICAL DOPING 


8.3.1 Introduction and General Case 


In Part I, the doping concentration Np of the local substrate (or bulk) was assumed to be uniform. 
As a consequence, the depletion charge Q», which is produced by repelling the holes before 
electrons can be attracted in the channel, was proportional to the square-root function (3.29) 
of the surface potential YW. The threshold function defined by (3.33) was therefore nonlinear, 
since it can be expressed as 


—Or(%) 


Vrp = Vreg + Ys + C, 


(8.16) 


The slope n of this function was slightly decreasing with increasing YW, as shown by (3.34) 
and by Figure 3.7. 

If the doping concentration is a function of depth z into the substrate, Q,(Y%) is modified, 
and so are Vrp(W%) and n(W,). Let us consider the general case with the arbitrary profile M, (z) 
illustrated in Figure 8.6. 

According to the classical depletion zone approximation, the density of holes is assumed to 
drop to a negligible value at depletion depth zg, leaving a space charge —q Ny per unit volume 
for z < zg. Hence the total depletion charge density is given by 


Za 
Oy = —&siE-(z = 0) = -4 f Np dz, (8.17) 
0 


which is a function of depletion depth zg. Notice that the origin of the z-axis (z = 0) is 
positioned here just underneath the infinitely thin inverted charge sheet (see Section 3.4), so 
that E, is not affected by Qj. 

The vertical field is zero for z > zg. According to Poisson’s equation, this field increases 
with the integral of the depleted charge for z < zg: 


q f“ 
E,=— Np dz. (8.18) 
Esi Jz 
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Figure 8.6 Calculation of Q,(Y) for an arbitrary doping profile N,(z) 
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The surface potential is obtained by integrating the field (8.18) across the depletion region; 


hence, 
q Zd Zd 
W, = 1f (/ Np a) dz, (8.19) 
Esi JO z 


which is also a function of za. 

Using zq as the parameter, Q,(Y%) can be calculated by means of parametric equations 
(8.17) and (8.19). Knowing Q,(%), Vrg(Y%) and its derivative n(W,) can then be obtained 
from (8.16). 

This calculation will be carried out in the following subsections for two particular analytical 
profiles Np(z) that can be used as approximations of real profiles. 


8.3.2 Constant Gradient Doping Profile 


Consider the doping profile described by 


c 


Na = Nio (1 y s=) (8.20) 
Li 


and illustrated in Figure 8.7. For § = 1, the doping concentration increases linearly from its 
surface value No and is doubled at characteristic depth ze. For S = —1, it decreases to reach 
zero at z,; the model is then valid only for a depletion depth zg < Ze. 

Introducing this profile into (8.17) and (8.19) yields the parametric equations of Y%(Q,): 





z2 

Q» = —q Nvo (a + s4) (8.21) 
N z2 23 

v= Oe (S453), (8.22) 


These equations can be simplified by introducing a parameter 


pee’. (8.23) 


Ze 
and by defining a normalized characteristic depth 


A Ze €ox ZeCox 


e= = ; (8.24) 
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Figure 8.7 Constant gradient doping profile M, (z) 
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and the substrate modulation factor at the surface 














2qN si 
apace ak (8.25) 
Cox 
They become 

Q» _ Mike p 
= = —— | P+S$— ], 8.26 
Cox 2 = 2 S 

Dote (P? oP? 
Y, = - S ; 8.27 
J Frog (8.27) 

These two results can then be introduced in (8.16), giving 
Tote &tS 2 P? 

Vrp — Ven = 2 P+ 5) Poe Sho : (8.28) 


Now, (8.28) and (8.27) can be used as parametric equations of Vrge(¥,), with P as the 
independent parameter. This threshold function is plotted in Figure 8.8(a) for 42, = 40U;y and 
for several values of the normalized characteristic depth ¢.. Uniform doping corresponds to 
fo = 0. 
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Figure 8.8 Effect of a constant gradient profile: (a) on threshold function Vrg(¥%); (b) on slope factor 
n(W) 
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The slope factor can also be expressed as a function of parameter P by differentiating (8.28) 


and (8.27) 


Ate dVrp _ dVrp dW 1+ P(e +S) + ceS P? 
— dy  daP'aP teP (1 + SP) f 





(8.29) 


This equation can be associated with (8.27) to obtain n(W,). This slope factor is plotted in 
Figure 8.8(b) with the same values of Tho and ¢e. 

As could be expected, the slope factor for a given value of surface doping Npo is increased for 
an increasing doping profile. However, this effect is significant only for ¢, < 5, corresponding 
tO Ze < 15f ox. 


8.3.3 Step Profile 


The step profile illustrated in Figure 8.9 is another approximation of real profiles that is tractable 
analytically. Introducing this profile into (8.17) and (8.19) yields, for zg > ze 





Ov = —q [No02c + Noc(Za — Zc)] (8.30) 
and 
q (Za — Ze) Ze 
Y= = Nic 5 + NooZe(Za = Ze) + Noo $ (8.31) 


These equations can be simplified by introducing the parameter P defined by (8.23) and 
variables ¢, and Ipo defined (8.24) and (8.25), and by defining the doping ratio 





(8.32) 











Figure 8.9 Step approximation of doping profile Np (z) 
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resulting in 








—Qp eo ae = 
ao = St MP DI (8.33) 
and 
p= E [Pe-e -n+ (8.34) 
s = 2 5) V 7 š $ 


These equations could be used as parametric equations of W,(Q»). Instead, parameter P can 
be calculated from its second-order equation (8.34): 


1 4y, 
P=,/i=—4 


—, 8.35 
v vDo eal 


and introduced in equation (8.33) of Q». According to (8.16), the threshold function then 


becomes 
l—v+ io 
—v vilv— > 
RT, 


This expression is plotted in Figure 8.10 for various values of normalized step depth ¢,. Part 
(a) of the figure is for a 1 to 10 step up of doping concentration. The threshold is strongly 
increased if the step is shallow, since most of the depletion region extends within the region of 
higher doping concentration Nyc. This increase is attenuated when the step depth is increased. 





an 


Vreg — Ven = Y, + a x (8.36) 
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Figure 8.10 Threshold function for a step profile of normalized depth ¢,: (a) for a step up 1 to 10; 
(b) for a step down 10 to 1 
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Expression (8.36) is valid only when the depletion depth extends beyond the step, corresponding 
to P > 1, and hence from (8.35) for 


Iho \?  qNvoz2 
W, > ({ 2) ee (8.37) 





2 2€si 


For smaller values of surface potential, the situation is reduced to that of uniform doping Npo 
(corresponding to ¢, = 00). 

Figure 8.10(b) shows the case of a 10 to 1 step down of doping concentration for the same 
values of Tho and ¢,. The threshold function is reduced if the step is shallow, since the depletion 
region extends mostly in the region of lower doping. 

Figure 8.11 is another plot of expression (8.36) of the threshold function, for a fixed value 
of step depth (¢, = 2) and various values of the doping ratio v. Below the limit given by (8.37), 
the depletion region does not reach the step depth ze. The doping is therefore uniform with 
substrate modulation factor Ipo. Beyond this limit, the depletion region enters the region of 
different doping and the threshold function depends on the doping ratio v. 

When the gate voltage Vg starts exceeding the threshold function Vrg at some position along 
the channel, some inversion charge Qj starts appearing. According to (3.5), the concentration 
of this inversion charge will dominate at the depth for which W — ®p is maximum. If the 
doping concentration is uniform, then Fermi potential Øp is constant and the inversion charge 
appears at the surface (z = 0), since W is always maximum at the surface. This is also true if 
the concentration increases with depth z, corresponding to an increase of Øp given by (3.8). 

But if, on the contrary, the concentration decreases steeply with depth, the corresponding 
decrease of Øp can possibly overcome the decrease of W. The inversion layer is then created 
below the surface, resulting in what is called a buried channel. 
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Figure 8.11 Threshold function for various step profile doping ratios v 
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Figure 8.12 Charge densities and electrical field with a buried channel 


For the step profile discussed here, the channel will be buried as long as the difference of 
Fermi potentials for the two doping concentrations exceeds the drop of potential across depth ze: 


Pro = Pre > VA = Wo, (8.38) 
or by introducing expression (3.8) of Øp 
W, — YW, < Urln(1/v), (8.39) 


where W, = W(z = Ze). 
The effect of this buried inverted charge Qi» on the electric field is illustrated in Figure 8.12. 
The total charge Q, underneath the surface can be split into three parts: 


QÊ Ov + Oiv = Qvo + Ove + Qi. (8.40) 


The buried inverted charge (supposed to be a very thin layer according to the charge sheet 
model) produces a step of field. The total voltage drop across z, is easily obtained by inspection: 


Di (0 Füst oe). (8.41) 


Introducing (8.40) and the variables defined by (8.24) and (8.25) yields 


— Q: —< ies VA = Y. 


Cox 4 be 





(8.42) 


This charge increases with the surface field. When the limit condition (8.39) for surface inver- 
sion is reached, it has a maximum value given by 


—Qimax = ae Ba 
Cox 4 





+ = In(1/v) (8.43) 


that is independent of W. 
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Figure 8.13 Maximum surface potential for which the channel remains buried 


According to (8.16), the threshold for surface inversion can therefore be expressed as 


Q imax Gol a 
Vip, — Veg = % E = GH 
TB FB ee 4 





Ur 
+ (I/v). (8.44) 


This limit is plotted in dotted line in Figure 8.10(b) for ¢ = 0.15. Since the buried charge 
cannot be positive, this threshold is valid only when it is larger than the inversion threshold 
Vrs. This would not be the case for the deeper steps (larger ¢,) shown in the same figure (except 
for very low values of W). 

To obtain a buried channel for a deeper step, the lower doping concentration should be 
further reduced, in order to increase the difference of Fermi potentials. 

The maximum value of surface potential for which the channel remains buried can be 
obtained by introducing the value of W, — W, into condition (8.39). It can easily be verified 
that this value is given by the last two terms in (8.34), since the first term correponds to W.. 
Hence, for this maximum value, 


2m2 
ool bo 





1 
EG 1)+ J = Urln (1/4). (8.45) 
Introducing expression (8.35) of parameter P and solving for W, yield 


ETO 
4 





V, max = 





l oee aN a (8.46) 
v nv =E ; 
v 2. fete 


This limit is plotted in Figure 8.13 as a function of the doping ratio v. It can be seen that, for a 
given value of parameter ¢2 7% [that is proportional to Npoz2 according to (8.37)], the channel 
may remain buried up to large values of the surface potential if v = Npc/Npo is sufficiently 
small. Such a situation is shown in Figure 8.14, with ¢2143,/Ur = 0.2 and v = 0.1. As can 
be seen, Vrgs > Vreg in the whole range represented in the diagram. If the surface potential 
is close to its pinch-off value Wp, then all the inverted charge is buried. This will be true all 
along the channel if the transistor is in weak inversion (Q; negligible). If the surface potential 
is lower than the value Wp, defined in the figure (surface pinch-off potential), then only a part 
Qi» of the total inverted charge Q; buried. 
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Figure 8.14 Inversion charge Q; and its buried part Qip 


The slope factor is easily calculated from (8.36) as 





dVrp v 
n = 


dv, = y O — 1) +4 on 








It is plotted in Figure 8.15 for various values of normalized step depth ¢,, with the same 
parameters as in Figure 8.10. 

Figure 8.15(a) shows the case of a | to 10 step up in doping concentration. Compared to 
uniform doping (¢ = 00), the slope is strongly increased if the step is very shallow, as can be 
expected from the fact that the depletion occurs mainly in the highly doped region. It remains 
higher when the depth is increased, but is more constant with the variation of the surface poten- 
tial. Indeed, if the doping ratio v tends to infinity, (8.47) shows that the slope factor n remains 
constant at the value 1 + 1/¢, as soon as the surface potential exceeds the limit given by (8.37) to 
have the depletion region reaching the step. For the example of the figure with ¢, = 2, this limit 
is reached for W, = 40U 7. Below this value, the slope factor is that of uniform doping (¢, = 00). 
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Figure 8.15 Slope factor for various values of normalized step depth ¢,: (a) for a step up 1 to 10; (b) 
for a step down 10 to 1 
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Figure 8.16 Slope factor for various step profile doping ratios v 


Figure 8.15(b) shows the case of a 10 to 1 step down of doping concentration. The slope 
factor is lowered by a shallow step (most of the depletion occurring in the lightly doped region). 
However, it increases very steeply when the surface potential is reduced and approaches the 
limit given by (8.37). 

In Figure 8.16, the slope factor is plotted for ¢, = 2 and various values of the doping ratio. It 
shows again that when the depletion region reaches the step, the way n varies with the surface 
potential strongly depends on the doping ratio. 


8.3.4 Effect on the Basic Model 


The nonuniformity of vertical doping affects only the shape of the threshold function, and 
hence the slope factor and the threshold voltage. Therefore, the whole model derived in Part 
Tis still applicable with new values of these parameters. The threshold voltage at equilibrium 
Vro was defined by (3.58) as the value of the threshold function Vrg for V = O (channel at 
equilibrium). Hence, from (3.56), 


Vro = Vre% = Yo), (8.48) 


where W is given by (3.66) with Øp calculated from (3.8) with Ny = No. 

The effect of the constant gradient profile as illustrated in Figure 8.8 can be approximated 
by fitting the substrate modulation factor Ij, of a uniform profile. Both the threshold voltage 
and the slope factor are increased (decreased) if the doping is increasing (decreasing) with 
depth. 

For the step profile approximation, the threshold voltage can be expressed explicitly from 
(8.36): 





ae es 4% 
Vio = Va + Yo + = l—v+t,/v(v—1+ — ||. (8.49) 


ET 





The pinch-off potential Wp was defined in Section 3.5 as the value of surface potential for 
which the inverted charge is zero; that is, 


Wp = W(Vo = Vre), (8.50) 
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Figure 8.17 Dual slope threshold function 


and is related to the pinch-off voltage by Vp = Wp — W according to (3.66). But no simple 
relation exists here to replace expression (3.37) of Wp. Instead, Vp can be approximated by 
(3.63). 

For a given value of surface doping (and hence of Tho), the effect of a step profile depends on 
the step depth z. and the step doping ratio v = Np. /Npo. A stepup (v > 1) can only increase Vro 
and n, but it improves the linearity of threshold function Vrg and hence reduces the variation 
of n with the surface potential, as shown by Figure 8.11 and Figure 8.16. 

A step down (v < 1) can only reduce Vro and n, but it may result in an abrupt change of 
slope at the limit given by (8.37), as illustrated in Figure 8.16. Therefore, a dual slope threshold 
model might be needed as illustrated by the example of Figure 8.17. 

Threshold Vro; and slope nı correspond to the region of uniform doping. They are thus 
given by (3.58) and (3.34) with I, = Ibo [or by (8.49) and (8.47) with v = 1]. According 
to Figure 8.16, the evaluation of n should be made by (8.47) with a value of W, sufficiently 
larger than ¢,173,/2. Inspection of Figure 8.17 shows that the second threshold voltage can be 
calculated by 


Vor = Vror + (nı — n2) [(- 10/2)" — Yo]. (8.51) 


8.4 POLYSILICON DEPLETION 
8.4.1 Definition of the Effect 


In the basic model discussed in Part I, we have assumed a constant potential Vg throughout the 
thickness of the gate electrode, which would always be true if the gate material was a metal. 
It is still true for a (poly)silicon gate, as long as the thickness of the layer of positive charge 
Qg (that is concentrated at the lower face of the gate electrode) is so small that the voltage 
AW, across it is negligible. If the gate is N-type, we can assume that a positive gate charge Og 
is entirely produced by the depletion layer created at the lower face of the gate. If the gate is 
P-type, this depletion layer can possibly create a negative gate charge Og. 
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To calculate AW,, we can further assume that the model of equations (3.29) and (3.30) 
giving 





2 
2qN si 
w= ( Qv ) with. m esi (8.52) 


Ty Gox Cox 


for the monocrystalline bulk with doping concentration Np remains valid for the polysilicon 
gate with concentration N,. Then by analogy [45] 











2 
AÝ, = + (2 ) for +Q,>0, (8.53) 
gl ox 


where 


2q N Esi 
paves (8.54) 


Cox 


is the gate modulation factor. The positive sign in (8.53) corresponds to the positive voltage 
drop created through the depletion layer of an N-type gate (for Q > 0), whereas the negative 
sign corresponds to the negative voltage drop that might eventually be created in the depletion 
layer of a P-type gate (for Qs < 0). 

Comparing (8.52) with (8.53) and (8.54) shows that AW, remains negligible as long as 
Neg/Nvy > (Qe/Ov). 

Now, while scaling-down process dimensions, Ny, must be increased whereas N, cannot 
be increased proportionally. Hence AW, may become nonnegligible, especially if QO, is made 
much larger than — Q» by a large value of inverted charge — Q; (very strong inversion). 

Although the original definition of the fixed interface charge Qf in Section 2.2 included 
the equivalent effect of the charge distributed throughout the oxide thickness, let us assume 
here that all this charge is physically located at the silicon-oxide interface. Hence, because of 
the overall charge neutrality 


Qs = —(Qyn + Oi + Vic). (8.55) 


The depletion voltage at the gate then becomes 


: 2 
AW, = + (Beet ee), (8.56) 
gt ox 





8.4.2 Effect on the Mobile Inverted Charge 


This voltage drop AY, given by (8.56) must be subtracted from Vg in the voltage to charge 
relation (3.19). This yields 








(VG Pns W,) = 0. (8.57) 


1 S Qi + Qb + Qr 


T? Cox Cox 


The mobile charge density Q; is then obtained by first solving this second-order equation 
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in (Qi F Qb + Ofc)/Cox, giving 





























T? 4 
Qi F Qb + Ofc = Cox E = (: y! £ z (VG Vs Pm) . (8.58) 
2 Ts 
Then, by introducing expression (3.29) of Q», 
r? 4 
Qi = Cox | I bV%t z 1 1+ T2 (Vg — % — Pus) — Ore. (8.59) 
g 








8.4.3 Slope Factors and Pinch-Off Surface Potential 


We can now compare (8.59) with (3.32), to which it reduces for I, very large. As a first remark, 
Pns and Qf cannot be lumped anymore into a flat-band voltage Veg. But most important is 
the fact that Qj is no longer proportional to the difference between the gate voltage Vg and a 
threshold function Vrg(W%). The diagram of Figure 3.7 is therefore no longer applicable. As 
a consequence, the slope of L(Y) is no longer identical to that of Vg(Wp). Therefore, the 
single slope factor n introduced in Part I must be replaced by two distinct slope factors: 


_ dVcg = dVcg = dQi/Cox 


= — = — and r (8.60) 
dW dvVp dy, 


Ny 


In order to obtain an expression for ny, we have to first calculate Vg(W) that replaces (3.33) 
plotted in Figure 3.7. Introducing Q; = 0 and W, = Wp in (8.59) results in 


2 


Cc 1 Cc 
Vo = Pms — ei + Wp + M/W E (£: - hy), (8.61) 
Ox g Ox 











which reduces to expression (3.33) of Vrg(W%) for T, very large. 
It must be reminded that, according to (3.66), Wp is related to the pinch-off voltage Vp by 


Wp = Vp + Yo = Vp + 2®rf + Ven. (8.62) 


Equation (8.61) is plotted in Figure 8.18 for particular values of y = Ip/Ur and y = 
T,/Ur, and for five different values of fixed charge Os. /Cox ranging from —40 to 40. 

Now, polydepletion is possible only if the charge Qg on the gate is positive for an N-type 
gate or negative for a P-type gate. At pinch-off Qi = 0, hence from (8.55) polydepletion at 
pinch-off occurs only for 





(Qb + Otc) < 0. (8.63) 


By introducing expression (3.29) of Q» with W, = Wp, this condition becomes 








E (nv Z oe > 0. (8.64) 


Ox 
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Figure 8.18 Effect of polydepletion on Vg(Y%) 


Introduced in (8.61), condition (8.64) becomes 





+(Vg — nms — Wp) > 0. (8.65) 


This limit is also represented in Figure 8.18. No polydepletion occurs at pinch-off if condition 
(8.65) is not fulfilled; the Vg(“p) function is then that for y, very large. The valid curve for a 
given value of Qs, is shown in thick line. Its slope ny is always increased by polydepletion. 
Notice that polydepletion can occur below the limit given by (8.65) if W, < Wp (Qj no longer 
negligible in (8.63)). 

We see that, for the N-channel transistor considered here, a large positive value of fixed 
charge Q;, may prevent polydepletion for an N-type gate, and make it possible for an P-type 
gate. 

The flat-band voltage Veg was defined as the value of gate voltage Vg for which W, = 0; 
hence, Qsi = Qb + Q; = 0. Using (8.57), we obtain 


Of Of 
Veg = ®ms — —— + fe J 
FB T; Ge or 











Qg = FQte > 0. (8.66) 





The flat-band voltage is increased by polydepletion in an N-type gate for a positive fixed 
charge; it is decreased by a negative fixed charge for a P-type gate. However, we have seen 
before in (8.59) that the fixed charge does not simply contribute to a shift Vrp of gate voltage, 
as is the case without polydepletion. 

The pinch-off surface potential can be calculated from the gate voltage by inverting (8.61), 
with the result of a very complicated expression for the general case. This expression is 
simplified if Qs, = 0 hence Veg = ®ms. As can be seen in Figure 8.18, there is then no 
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polydepletion for a P-type gate; %p(VG) is therefore given by (3.37). For a N-type gate, inverting 
(8.61) yields 





2 
Up = {apis [VAr + FW = Ves) + nRT? - Dr] (for Qr = 0), 
(8.67) 


which also provides Vp(VG) by introducing (8.62). It can be verified that this expression is also 
reduced to (3.37) for T, >> Ih. 


8.4.4 Voltage Slope Factor n, 


According to definition (8.60), n, is the slope of Vg(¥) plotted in Figure 8.18. Differentiation 
of (8.61) gives 





dVo Is he O%e/ Cox 
Pedr | $ 1 , 8.68 
= e | 2% (2) ( Ty / t; eee) 


which reduces to n given by (3.68) for Ij, « Tg. This slope factor is plotted in Figure 8.19 for 
numerical values identical to those of Figure 8.18. 

Condition (8.64) is used to identify the valid part of the curve (shown in thick line) for 
each value of Q;,. Notice that ny cannot be lower than its value for very large y,/yp, that is 
independent of Qs, as shown by (8.68). This confirms that the voltage slope factor ny is always 
increased by polydepletion. 
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Figure 8.19 Variation of slope factor ny with pinch-off surface potential Wp 
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8.4.5 Charge Slope Factor n, 
Slope factor ng is obtained by differentiation of (8.59): 


= dQi/Cox = Ty 1 


i (8.69) 
dy, 2), y! + 4(Vg — Y, — Dms) 
g 





Ng 





Unlike n (to which it reduces for I", very large) this slope is not only dependent on surface 
potential W, but also dependent on gate voltage Vg. This dependency on Vg may be replaced 
by that on WY by introducing (8.61), giving 


R 1 
n= 4 . (8.70) 


2/W, 2 
yi + Tz ov Wp 21) an 73 (Wp — Y) 














Here again, Wp may be replaced by Wo + Vp. 

As done without polydepletion, this slope factor may be evaluated at the value of surface 
potential WY, that is best adapted to the mode of operation. 

In weak inversion, or close to it, it may be evaluated at W, = Wp; (8.70) then becomes 


T, 1 


niemes EA . (8.71) 
4 7 2/% IÆ 7 (V% = OieCox) 








This variation of ngw with Yp is plotted in Figure 8.20 with the same numerical values as those 
of Figures 8.18 and 8.19. 

Condition (8.64) is used to identify the valid part of the curve (shown in thick line) for 
each value of Qj. Notice that nq cannot be higher than its value for very large Y/Y», that is 
independent of Qf, as shown by (8.70). This shows that the charge slope factor nq is always 
decreased by polydepletion. 
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Figure 8.20 Variation of slope factor ngy with pinch-off surface potential Wp 
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For strong inversion, a better evaluation of ng given by (8.70) may be at W, = Yo + Vp/2, 
resulting in 














n eS fe + : (8.72) 
q = Mgs = i 
24 Wo + Vp/2 2 
v 9 P/ yi + Ab W + Vp — 21) + AVe 
g ii g 


8.4.6 Effect on Q(V), Currents, and Transconductances 


The continuous expression of V (Q;) (3.48) and its approximations (3.49) and (3.50) in weak 
and strong inversion remain valid if n is replaced by ng given by (8.70) in the normaliza- 
tion of Q;. Hence the specific charge (3.42) used for this normalization must be replaced 
by 


Ospec = —2ngU7Cox, (8.73) 


The same remark applies to the normalized drain current and its forward and reverse com- 
ponents derived in Sections 4.4.1 and 4.4.6 provided that the specific current is redefined 
as 


Ispec = 2g BUS. (8.74) 


In particular, results (4.25) and (4.39) and the corresponding characteristics in Figure 4.5 
remain unchanged. 

As explained in Chapter 5, the source transconductance G ms is proportional to the density 
Qis of mobile charge at the source (in normalized form, gms = gs). Symmetrically, the drain 
transconductance G ma is proportional to the density Qip of mobile charge at the drain (in nor- 
malized form, gma = ga). Therefore, all expressions of G ms,a as functions of If rR or Vp — Vs,D 
remain valid, provided n is replaced by ng. The specific conductance used for normalization 
becomes 


G spec = 2ngBUr. (8.75) 


Now, since by definition (8.60) the slope of Vg(Vp) is ny, the gate transconductance is given 
by 
Gee Cms — Gma (8.76) 
Ny 
instead of (5.9). 

It can be pointed out that, since polydepletion reduces ng, it reduces Gms,a (except in 
weak inversion at a fixed current). Since it increases ny, Gm is further reduced proportio- 
nally. 

The effect of polydepletion can be combined with that of mobility reduction by simply 
applying relations (8.73) to (8.76) in the analysis of Section 8.2. 
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8.4.7 Strong Inversion Approximation 
According to (3.50) and (8.73), the mobile charge in strong inversion can be approximated by 


Qi 
Cox 





= nq(Vp — V). (8.77) 


This approximation is illustrated in Figure 8.21. Assuming constant mobility (no mobility re- 
duction), the forward and reverse components of drain current as well as the various transcon- 
ductances are also shown on the curve. 

As discussed in Section 3.6.3, the surface potential can be assumed to be independent of the 
gate voltage and equal to W + V. The (equilibrium) threshold voltage Vro was defined as the 
value of the gate voltage for which the mobile charge density is zero at equilibrium (V = 0). 
Hence, according to (8.77), 


Vro = Vo(Vp = V = 0). (8.78) 


Now, since Vp = Wp — W (3.66), then 











Vro = Vo(¥ = Yo) (8.79) 
or, from (8.61), 
Of 1 Of i 
Vro = Pms — C + Vo + Ip y Vo ple -—lIbV%), (8.80) 
Ox g Ox 


with the condition that the term in parentheses must be positive for an N-type gate and negative 
for a P-type gate. Otherwise no polydepletion occurs, corresponding to an infinite value of Iy. 

The threshold Vro can also be found in Figure 8.18 as the value of Vg for Wp = W. As we 
can see, Vro is always increased by polydepletion in an N-type gate. For a P-type gate, it might 
be decreased, but only with very large positive values of fixed charge Qc. 











Figure 8.21 Effect of polydepletion on strong inversion approximation 
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According to (8.60), n, is the slope of Vg(Vp). Furthermore, Vro = Vg(Vp = 0) as expressed 
by (8.78). Therefore, the pinch-off voltage can be approximated by 


_ Va — Vro 


ny 


Vp (8.81) 


This approximation can be used to obtain Vp = Wp — W, instead of (8.67), which was anyhow 
valid only for Qf = 0. 
Introducing (8.81) into (8.77) provides a simple expression of Qi(Vc, V): 


aa Ng (“ aati! v). (8.82) 


Cox Ny 





Hence, a variation A Vg of gate voltage results in a vertical shift “1 AVG < AVg of Qi/Cox(V) 
as depicted in Figure 8.21. This explains the value of gate transconductance in linear mode 
n 


Gm = — (Vp — Vs). (8.83) 


ny 
8.5 BAND GAP WIDENING 


8.5.1 Introduction 


In modern deep submicron processes, the oxide thickness is reduced to very small values, 
whereas the gate voltage is not reduced proportionally. The electric field at the silicon surface 
is therefore increased, and confined states originating from a quantum treatment can no longer 
be ignored. As a consequence, the highest allowed energy level for holes is slightly below the 
top of the valence band by an amount q AW, and the lowest allowed energy level for electrons 
is slightly above the bottom of the conduction band by an amount q AW,. With this band gap 
widening effect, expression (3.5) of the concentration of electrons must be modified to [47, 108] 


WY —O;-V— AW, 
Ur i 





Np = Ni exp (8.84) 


In inversion, it can be assumed that AY is primarily a function of the effective vertical field 
at the silicon-oxide interface. Since this field is proportional to the charge in the silicon, AY, 
can be expressed as [47] 


AW, = Aml- Qr — n Qi)”. (8.85) 


The physical constant Agm is given by 


en ee (9h ee vue (8.86) 
m A 2m*q 16 ési TT A2/352/3? : 


where A is the Planck’s constant and m* is the effective mass of the electron (equal to 98% of 
its free mass for <100> substrate orientation). 
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The constant 7 accounts for the effective value of the surface field. Its value is typically 3/4, 
but it can be used as a fitting parameter. 

For a uniformly doped substrate, the depletion charge linearized around its value at W, = Wp 
is given by (3.54) and is not affected by possible polydepletion. It can further be related to the 
inverted charge by means of (3.39) (with n = ng to account for polydepletion), resulting in 


n—1 





Oy = -M Cox VY — Qi, (8.87) 


n q 


where n is given by (3.34) and nq is given by (8.70). Introducing this expression of Q»(Q;) 
into (8.85) gives 





1— 2/3 
AW, = Agm es ve + ( - i +n) -0| l (8.88) 


q 


or, with the normalized variables defined by (3.41), (3.43), and (8.73), 


AmC? 2p 
Sye = [r ji, eC =n nna)24:| , (8.89) 
T 


which is plotted in Figure 8.22 for several values of the pinch-off potential, 7 = 3/4, and 
Ng = n = ny given by (3.68). 

As given by (8.88), AY, is a nonlinear function of both Wp and Qj. It can be linearized with 
respect to Q; around Q; = 0, giving 


2/3 
AW = Agm (Cox V We) 
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Figure 8.22 Dependency of band gap widening Ay, on inverted charge qj; linear approximation in 
dotted line 
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or simply 

-Qi 

NgCox 





AW, = AWep + 5am (8.91) 


The comparison with (8.89) in Figure 8.22 shows that this linearization is an acceptable 
approximation. 


8.5.2 Extension of the General Charge—Voltage Expression 


According to (8.84), the effect of band gap widening on the electron concentration is corrected 
for by adding ôW, to the channel voltage V. With the charge sheet approximation, the same 
correction can be introduced in expression (3.38) of Q;(W,), where the contribution of holes is 
neglected, and in equation (3.40) resulting from the linearization around W, = Wp. Replacing 
n by ng to also account for polydepletion, the latter can hence be rewritten as 











Wp 2Øf V =J Oi F 5qm) +1n -Qi(1 F Ôqm) 
Ur ~ 2ngUTCox 2ngUrCox 
AW» 











2ngV/ UT —Qi "9 Wp fe Qi 
hd + 5qm) CoxlipV UT Uy NgCoxUT l 


(8.92) 


Ur 


To obtain this form, (1 + 5gm) has been introduced in the numerator of the first logarithmic 
term and in the denominator of the second logarithmic term for compensation. 

The normalized charge qi defined by (3.41) can then be introduced, with an extended 
definition of the specific charge 


Q spec = —2ngUtCox/(1 + Sqm), (8.93) 
which reduces to (8.73) if band gap widening is negligible [and to (3.42) if polydepletion is 


also negligible]. 
Equation (8.92) then becomes 





2 2naqi 
W- 2%- v= 2g + Ing +| a ( ea 


Yo(1 + Sqm) Yo(1 F dam) 
2qi 
+24 / Wp — m) + bYfep. (8.94) 





It has been shown in Figure 3.10 that the second logarithmic term is practically independent 
of qi. The terms in q; can therefore be neglected, providing the simplified result 


4 
2qi + Ing; + In (Vir) + 5Yep — In (1 + 84m) = Vp — 26¢ — v, (8.95) 
$$ 


N 
Ush 
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which is identical to (3.45) with an expression of voltage shift v,, extended to include the effect 
of band gap broadening. 

The general charge—voltage expression (3.48) does therefore include quantum effects, pro- 
vided specific charge Q spec (that is used to normalize mobile inverted charge Q;) is extended to 
(8.93), and vsn [that relates pinch-off voltage vp to pinch-off potential Yp according to (3.47)] 
is extended to 


4 
Ua = In (= vn) + Yop — In (1 + Sqm). (8.96) 


The correction term dgm is given by (8.90), and can be expressed by introducing definition 
(3.30) of the substrate modulation factor I}: 


2 
Sqm = 5 AagmC ox(nng + 1 — n)(2qesiNo¥r) 6. (8.97) 
For a fixed doping concentration Np, dgm is approximately proportional to Cox. Even though 
Ny is also increased while scaling-down the process features, the dependency on Cox dom- 
inates. Expression (8.97) is plotted in Figure 8.23 as a function of Wp for ng =n = ny (no 
polydepletion, evaluation of n at pinch-off) and for several combinations of values of N, and 
Gox: 
As can be seen, 5gm is a very weak function of wp. It can therefore be considered constant and 
evaluated at a particular value of Wp; for example, Wp = 2®r. It is also a very weak function 
of Np. Indeed, for the whole set of values considered in Figure 8.23 and for Wp > 0.7 V, 


Sqm 
E = 10 to 20m?/F = 10°? to 2 x 10°? um?/fF. (8.98) 


Ox 


For a given value of Vp — V, the inverted charge Qj is reduced since Qspec is reduced 
according to (8.93). 

Even for a very large value of Cox, dgm remains smaller than unity and can therefore be 
neglected in (8.96). Hence, the increase AV,, of Vs, due to band gap widening is reduced to 


0.5 








Nb Cox Th 
(cm3) |(fFæam2}_ (V12) 
3.1017] 30 | 0.106 
1.1017) 10 | 0.183 
3.1016 3 | 0.334 
1.1016) 14 | 0.578 
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Figure 8.23 Correction term 5gm according to (8.97) 
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Figure 8.24 Contribution of band gap widening to voltage shift Vs, 
AW,p defined in (8.90). Introducing definition (3.30) of Th, it can be expressed as 
AV oh = AWe = Agm (2G €siNo Wp)! (8.99) 


which is independent of Cox and depends only on the doping concentration Mp and the pinch-off 

potential Wp. It is represented in Figure 8.24 for various values of Ny. It can be noticed that it 

still has a nonnegligible value even for the very low doping concentration Ny = 10! cm7? 
Using nonnormalized variables, (8.96) then becomes 


Ang 
Von = Ur In T Wp | + AVon. (8.100) 
b 


Although this increase of Vn is proportional to (¥p)!/?, it may again be considered as a 
constant evaluated at some value of Wp, for example 2®p. 

The effect of band gap widening is to increase the voltage shift Vsn, thereby increasing 
Wp — Vp and W according to (3.66). Hence the threshold Vro defined by (3.58) is increased, 
and the pinch-off voltage Vp is decreased at constant Wp (or constant Vc). 


8.5.3 Extension of the General Current—Voltage Expression 


Due to quantum effects, the electric field experienced by the mobile carriers in the channel is 
no longer —dW,/dx but 





d(Y, — AW) 
E; = —————_.. (8.101) 
dx 
Expression (4.2) of the drain current must therefore be modified to 

d(Y, im AW.) dQ; 
Ip = LW | —Qi +Ur (8.102) 

dx dx 

drift diffusion 


However, according to (8.84), the same correction must be included in the density of inverted 
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charge, so that (4.4) becomes 





dQi _ Qi (= — AY) =): (8.103) 


dx Urt dx dx 


which when introduced in (8.102) gives exactly (4.5). 

Hence, all the results derived in Chapter 4 remain valid, provided the value of V;, used in 
expression (3.66) of Yo is increased by AV, given by (8.99) [increasing thereby the value 
of Vro according to (3.58)], and the expression of the specific current defined by (4.14) is 
extended with that of the specific charge (8.93), giving 


W 2NgUCox W 
I spec = Ur—(— spec SS O yA 8.104 
p HUTT (C Qspec) Thb ET ( ) 
which reduces to (8.74) if band gap widening is negligible [and to (4.14) if polydepletion is 
also negligible]. 
The same is true for all other results derived so far. 


8.6 GATE LEAKAGE CURRENT 


Silicon dioxide used to isolate the gate electrode from the channel is an excellent dielectric 
material. Due to its large band gap, its intrinsic leakage current is negligible as long as its 
thickness fox is larger than 3 nm and the voltage V,x across it does not exceed a few volts. 

Increasing Vox may result in field-induced (Fowler—Nordheim) tunneling of carriers [109], 
even with larger values of tox. This “high-voltage” leakage current is exploited to charge or 
discharge an isolated gate in EPROM [110] and E?PROM [111] nonvolatile memories. 

Now, when tox is reduced below 3 nm in aggressively scaled-down processes, a gate leakage 
current starts to appear even at low Vox, as the result of direct tunneling of carriers through the 
oxide. 

For an N-channel transistor operated in inversion (WY > 0), this intrinsic gate current consists 
of electrons tunneling from the inversion layer to the gate (holes for a P-channel transistor). 
The resulting current density can be expressed as [112, 113] 


Kg Vox 








Jo = (— Qi) Pun- (8.105) 


€ox tox 


Practical values for constant Kg are [113] 3 x 10-5A/V? for electrons and 4 x 1075 A/V? for 
holes, and Pry, is the tunneling probability. 

A suitable formulation of this probability, which covers both direct and Fowler-Nordheim 
tunneling, is given by [113] 


Egt, Vey" 
exp 7 ~ j1 (1 a for Vox < Xs (direct) 
Pun = ox Š (8.106) 


E tox ‘ 
exp (- ž ) for Vox => Xp (Fowler—Nordheim). 


Ox 
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Figure 8.25 Tunneling probability for tox = 2 nm 


where Xp is the oxide-channel voltage barrier and Fx is a characteristic electric field. Their 
values for electrons and holes are given in Figure 8.25, which shows the corresponding plots of 
(8.106) for tox = 2 nm. As can be seen, the probability of direct tunneling is a strong function 
of Vox. Its dependency on tox is even stronger, as illustrated in Figure 8.26 for two values of 
Vox. Indeed, for small values of Vox, Prun increases by about 12 orders of magnitude when tox 
is reduced from 3 nm to 1 nm. 

Using normalized variables qi = Qi/Qspec, Vox = Vox/Ur, and £ = x/L, the gate current 
is obtained by integrating (8.105) along the channel: 


1 
Ig = teo f GiVox Prun(Vox) dé, (8.107) 
0 
with 
2ngKGU2WL 
lo = =. (8.108) 


Since the very thin oxide is always associated with large substrate concentration, polysilicon 
depletion must be taken into account and nq is the charge slope factor given by (8.69) or (8.70). 
The voltage across the oxide can be obtained directly from (3.19) with Qsi = Q» + Qi: 


Qb + Oi + Ore 


Vox = Eoxtox = 
Cox 


(8.109) 
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Figure 8.26 Probability of direct tunneling as a function of fox 
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After normalization of Q; and Qf to Ospec given by (8.73) and introduction of expression 
(3.29) of Qp, we obtain 


Vox = 2Nq(qi + Jie) + WV Vs: (8.110) 


where voltages are normalized according to (3.43). 
Now, with the charge—potential linearization introduced in Section 3.6, and using (3.66) 
and (3.48), 


Ws = Wp — 2qi = Wo + vp — 2qi = Yo + v +ingi, (8.111) 


which when introduced in (8.110) finally yields 


Vox = 2Ng(Gi + dic) + Vo Wo + v + Ing). (8.112) 


The argument of integral (8.107) is a complicated function of q;, which is itself a function 
of € in the general case, and no analytic solution can be found. For the particular case of 
v = Us = Ug (equipotential channel), the situation is much simpler since all three terms inside 
the integral are constant and the integral is just their product: 


I 
T = iVox Ptun(Vox) (for equipotential channel). (8.113) 
Go 


We shall assume that the gate current remains sufficiently small to have no effect on the 
potential. 

Using q; as a parameter, this product can be calculated to obtain Jg(qi), whereas (vp — v)(qi) 
is given by (3.48). An example of the resulting plot of Jg(vp — v) is represented in Figure 8.27 
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Figure 8.27 Gate leakage current for an equipotential channel (v = vs = vq); the corresponding 
variation of forward current Ip is also shown for comparison 
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Figure 8.28 Variation with oxide thickness of the relative gate current at /C = 1 (equipotential 
channel) 


for two values of (equipotential) channel voltage v. As can be seen, /g(vp — v) is slightly 
dependent of the value of v, due to the presence of v in (8.112). 

For comparison, the forward current, /p(vp — v), has been calculated from parameter qi, 
using (4.19) and (8.74). It is also represented in Figure 8.27 after division by 10’ to fit in 
the same scale. As can be seen, the gate current is approximately proportional to Jp in weak 
inversion, but it increases faster in strong inversion. 

Due to the very steep function Prun(tox), Ia/Ir is very strongly dependent on tox. In Fig- 
ure 8.28 the variation of this ratio is represented for Ip = J,pec (inversion coefficient JC = 1), 
for which q; = (/5 — 1) /2 according to (4.24). The ratio /g//p for a given value of inversion 
coefficient does not depend on the channel width, but it increases with the square of the channel 
length (since Ig « L and Ip œ 1/L). 

In weak inversion, qi < 1 and ys = Wp = Wo + vp. Equation (8.110) then becomes 


Vox = 2Ngic + o V Wo + Up. (8.114) 


Hence vox and Piyn are constant along the channel even if v is not constant (va # vs). In this case, 
the gate current is obtained by replacing qi in (8.113) by its average value gj. Since in weak inver- 
sion ig = —dq;/d& according to (4.21), qi changes with a constant slope between its values q, at 
the source and qq at the drain (as long as the gate current remains a small perturbation, Ig < Ip), 
as illustrated in Figure 8.29. Thus, using (3.49), the average charge density can be expressed as 


e’p 
J = a +e"), (8.115) 








0 Position along channel 1 


Figure 8.29 Weak inversion: profile of mobile charge and source—drain repartition of local gate 
current 


GATE LEAKAGE CURRENT 165 


The gate current in weak inversion is obtained by introducing (8.114), (8.115), and (8.106) 
into (8.113). The result for vg = v, = v is also plotted in Figure 8.27. In saturation (vg > vs), 
the gate current would be divided by 2. 

Since in weak inversion V,x is constant, the local density of gate current Jg(&) injected in 
the channel is simply proportional to gj. Now, the two parts of the channel may be considered as 
separate transistors with normalized channel lengths £ and 1 — £. According to the concept of 
pseudo-resistor introduced in Section 4.5.4, the elementary local contribution Jg(&) dé of gate 
current splits proportionally to the inverse of the channel lengths (assuming constant width), 
as indicated in Figure 8.29. Hence the fraction of gate current flowing to the source is given by 


Ios _ folg — E) + qal —8)d§ _ 29s + qa 
Ic (qs + qa)/2 3(qs + qa)’ 





(8.116) 


or, by introducing (3.49) to express the charge densities from the corresponding voltages: 


Ics | 1 Ico _ 1+2 exp (va — vs) 
Ig Io 3[1 + exp (va — vs)] 





(8.117) 


This result is plotted in Figure 8.30. The gate current splits evenly to source and drain for 
Ug = v; to reach ratios 2/3 and 1/3 in saturation. 

As was pointed out before, the calculation of the gate current in moderate and strong 
inversion is much more complicated for vg Æ vs because vox and Pun are then variable along 
the channel. No exact analytical solution can be found, but approximations show that the overall 
gate current Jg does not change much with vg [113]. Its source—drain repartition saturates for 
va > Up to a value of Igs//g that increases with vp. 

Since the gate current depends on the pinch-off voltage, it creates a dc gate conductance 


1 dig 
G, = — —, (8.118) 
ny dVp 


which is split into a gate-to-source conductance Ggs and a gate-to-drain conductance G ga 
proportionally to the splitting of current. We have seen that, in weak inversion, the gate current 
is approximately proportional to the drain current; hence, Gg = Jg/(nU7). In strong inversion 
G,/Ig decreases, but not as fast as the gate transconductance. 
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Figure 8.30 Source—drain repartition of gate current in weak inversion 
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The gate current also exhibits shot noise of spectral density 2¢/g [114]. Its contribution 
may dominate at low frequencies, when the gate noise induced from the channel becomes 
negligible. 

In addition to the gate to channel current discussed above, tunneling also produces a current 
in the small areas where the gate overlaps the source and drain diffusions. This component of 
gate leakage may dominate for short channel lengths or for large drain voltages [112, 113]. 


9 Short-Channel Effects 








In the previous chapters, the channel was assumed to be long, allowing for a one-dimensional 
analysis using the gradual channel approximation. This chapter is devoted to the effects appear- 
ing when reducing the length of the transistor to dimensions that get close to the depletion width. 
In such a situation, the one-dimensional approach is no longer valid and a two-dimensional 
analysis is required. Furthermore, since the terminal voltages are not scaled-down proportion- 
ally to the device length reduction, the longitudinal electric field increases beyond a certain 
critical field above which the carrier velocity starts to saturate. This velocity saturation (VS) 
effect is presented in Section 9.1 using different velocity-field relations. Another short-channel 
effect that strongly limits the performance (particularly the voltage gain) of analog circuits is 
the channel length modulation (CLM) described in Section 9.2. When the device length gets 
small the surface potential in the channel region is no longer defined uniquely by the vertical 
field, but becomes influenced by the drain (or source) voltage. This effect is called the drain- 
induced barrier lowering (DIBL) and is presented in Section 9.3. A pseudo two-dimensional 
analysis is used for CLM and DIBL to derive analytical expressions for the channel length 
reduction and the surface potential. Short-channel effects such as VS and CLM not only impact 
the current, but also impact the thermal noise. A short-channel thermal noise model including 
the effects of VS, CLM, but also carrier heating and mobility reduction due to the vertical field 
is presented in Section 9.4. 


9.1 VELOCITY SATURATION 


An important effect that appears when the longitudinal electric field Ey within the device starts 
to become large is the saturation of the drift velocity. The drift velocity Varit of electrons and 
holes in bulk silicon is plotted versus E£, in Figure 9.1. At low longitudinal electric field, the 
velocity is proportional to the electric field with a proportionality factor equal to the mobility 
Uz at low longitudinal field. When E, approaches the critical field E., the velocity starts to 
saturate towards a maximum value vsat. The shape of the velocity-field relation in silicon is 
slightly different for electrons and holes. Typical values for E. and vat at room temperature 
for electrons and holes are given in Table 9.1. The critical field FE, is related to the saturated 
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Figure 9.1 Drift velocity in silicon for electrons and holes versus electric field 
drift velocity and the mobility at low longitudinal field by 


E, 2 t, (9.1) 
Lz 


As shown in Figure 9.2(a) and discussed in Section 8.2, the mobility at low longitudinal field 
uz actually depends on the vertical field E,. The larger the vertical field, the smaller u, and 
the larger the critical field, since Vsat is constant for a given type of silicon. More generally, any 
factor reducing the low longitudinal field mobility uz, pushes the limit of velocity saturation 
to higher values of the longitudinal field. 

Two other mobilities can be defined as illustrated in Figure 9.2(b). The effective mobility 
Mere combining the effects of reduction due to the vertical field and VS and defined as 


Varift 
Mer = E I (9.2) 





Hett is also called the cord mobility, since it actually corresponds to the secant between the 
origin and the operating point v(Ex), as shown in Figure 9.2(b). Another mobility that will be 
used in Section 9.4 is the differential mobility defined as 


dvaritt 

A 

iff = . 9.3 
[aiff dE, (9.3) 





Different velocity-field models will be considered below in order to analyze the effect of 
velocity saturation on the drain current and on the transconductances. 


Table 9.1 Typical values of the saturated drift velocity and 
the critical field for bulk silicon at room temperature [67] 


Usat E, 





Electrons 10° m/s 1 V/um 
Holes 8 x 104 m/s 3 V/um 
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Figure 9.2 (a) Dependence of the mobility u; at low longitudinal field with the vertical field E,. (b) 
Illustration of the different mobilities 

















9.1.1 Velocity-Field Models 
9.1.1.1 Model 1 


The simplest model to describe the velocity-field dependence is to consider the velocity pro- 
portional to the longitudinal field with a constant slope up to the critical field, above which it 
stays constant and equal to the saturated velocity. This model is described by the piecewise 
linear model defined by 


Mz|E,| for |E,| < Ee 
Varitt( Ex) = (9.4) 
Vsat for |E,| > Ec, 
which can be normalized to the saturation value v,. according to 


. e fore<1l 
v(e) A Varift = (9.5) 
Usat 1 fore>1, 





where e is the longitudinal electric field E, normalized to the critical field Ee: 


E, 
eê Z: l (9.6) 





The corresponding effective mobility jeg is then simply given by 








for E < E 
Varift Mz x - 
Hel Er) & <= = (9.7) 
lE (L vsa/lEs| for Ex > Ee, 
or in a normalized form 
a Het 1 fore < 1 
u(e) = = (9.8) 
Mz l/e fore >1. 
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The main advantage of this model is obviously its simplicity, allowing to get a first under- 
standing of the physical phenomenon. But on the other hand, it has discontinuous derivatives 
at e = | that may induce a bad behavior of the model. 


9.1.1.2 Model 2 


A continuous model also accounting for the difference between the velocity-field characteristics 
of electrons and holes as illustrated in Figure 9.1 is defined by 


= IEx|/Eo |Ex| 
Varitt( Ey) = Vsat T = Hz 


T T 


where a = 2 for electrons and œ = 1 for holes. Equation (9.9) can be written in a normalized 
form as 





, (9.9) 


v(e jê Udrift = e =f (9.10) 
Usat (1+ e%)e 





Note that this continuous model has been used in many compact models with the approximation 
that œ is equal to unity for both holes and electrons. For the sake of simplicity, we will also 
make the same assumption in the following development. 

The effective mobility is then given by 


Varift Hz 
ett(E,) Ê = : 9.11 
Bet Be) Tee Te EE on 





which can also be written in normalized form as 








a Met o l 


u(e z 
(e) fe Ieee 


(9.12) 
9.1.1.3 Model 3 


Although the continuous velocity-field model given by (9.9) and (9.10) insures the continuity 
of the current and the output conductance versus the drain voltage, it requires the electric field 
to become infinity at the drain for the velocity and hence the current to saturate, which is not 
physical. Another velocity-field model that will also be used subsequently in Section 9.2 for 
the derivation of the CLM model is given by 


|Ex|/E¢ 
Usa TEE Cfor ||Ex| < 2E. 
Varitt(Ex) = P+ |EsI(2Ec) (9.13) 


Usat for |E, = 2E., 


or in normalized form 


v(e) = 


e 
a Vait = forens2 dia 


Usat 1 fore > 2. 
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Figure 9.3 The different velocity-field models 


The corresponding effective mobility-field model is then given by 














Lz 
A Varift E+ |Ey|/(2Ec) for Ea = a Be 
Mett(Ex) = = Usat (9.15) 
|Ex| for |E,| > 2Ec, 
|Ex| 
or in normalized form 
1 
ere Ten fore < 2 
u(e) = =41 (9.16) 
H 
7 — fore > 2. 
e 


This last model does not require the field to become infinity for the velocity to saturate. 
Actually, the velocity saturates at Esat £ 2E,. This allows to define a point in the channel where 
the field becomes equal to twice the critical field E. and where the carrier velocity saturates. 
The channel can then be split into a nonvelocity saturation region on the direction from that 
point toward the source and a VS region on the direction from that point toward the drain where 
the velocity is equal to vsat. The length of this VS region will then be used in the CLM model. 

The three velocity-field models presented above are plotted in Figure 9.3. Note that the 
approximation defined in (9.13) (corresponding to Model 3) is closer to the velocity-field 
model of electrons given by (9.9) with a = 2. Also note that the shape of the velocity-field 
curve will strongly affect the current and output conductance versus drain voltage. All three 
velocity-field models will be used hereafter to evaluate the effect of velocity saturation on the 
profile of the inversion charge, the drain current, and the transconductances. 


9.1.2 Effect of VS on the Drain Current 


In weak inversion the current is carried by diffusion only and the surface potential gradient 
along the channel is zero and therefore the longitudinal electric field is null. Velocity saturation 
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Table 9.2 Typical values of the VS parameter 1, 


L 1 um 0.5 um 0.17 um 0.1 um 





Xe 0.05 0.1 0.3 0.5 


can therefore be neglected in weak inversion. Although a complete model including both the 
diffusion component and drift component including the effect of velocity saturation can be 
derived, in the following derivation, the diffusion current is neglected for the sake of simplicity. 
Note that this does not introduce a significant error in strong inversion. 

The drift component of the drain current is proportional to the velocity and can be written 
as 


dW, 
Ip = W(— Qi) vari = W(— Qi) Mert|Ex| = W(— Oi) etre —— 








; 9.17 
ae (9.17) 
or using the normalized variables defined above 

Fn re any ea (9.18) 

Ig = 24; = 2445 = uqi >, 2 

d q a q a q dé 


where the normalized variables ig, gi, Ws, and € have their usual meaning. The parameter A, 
accounts for the VS effect and depends on the transistor length L according to 


2u: Ur = 2Ur 
Val — Beb- 


Ae £ 





(9.19) 


Note that à. tends to zero for very long-channel devices. Setting it to zero corresponds to ignore 
the effect of VS. Typical values of A, for different channel lengths are given in Table 9.2. 

As discussed in Section 3.6.1 and according to (3.39), the inversion charge can be linearized 
with respect to W, giving a relation between the surface potential gradient and the inversion 
charge gradient 


dw, 1 dQ; 














= : 9.20 
dx nCox dx ( ) 
or in normalized form 
dys dgi 
Vs 5 ti, (9.21) 
dé dé 
Replacing (9.21) into (9.18) results in 
NE M (9.22) 
ig = —2uqi TA 


The main difference between (9.22) and the long-channel model (4.21) (in strong inversion) 
discussed in Section 4.4.1 is the field-dependent mobility term u which depends on the chosen 
velocity-field model. 
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The inversion charge density at the drain — Qip (or its normalized form qa) plays a particular 
role in the presence of VS. When the drift velocity saturates right at the drain, v = 1 até = 1. 
The drain current cannot increase anymore and is then limited to the saturation value ig sat given 
by (9.18) evaluated at € = 1 with v = 1 and qi = dasat: 


So A2 
ldsat = 5, ldsato (9.23) 


where qasat is the value of the inversion charge density at the drain which is required to sustain 
the drain current when carrier velocity is saturated at the drain. The main difference compared 
to the long-channel situation is that the charge density at the drain does not vanish to zero as 
it does at the onset of saturation for long-channel devices when vg = vp, but it has to be finite 
in order for the current to flow despite the saturated velocity. To account for this saturation 
of the drain charge, the normalized drain charge in strong inversion given by (3.50) has to be 
modified according to 


Up — Va 
os for va < Vasat 





(9.24) 


qa 
ad sat for Ud Z Vd sat» 


where the drain saturation voltage Vasat is the value of the drain voltage at which the current 
and the drain charge saturate. It is obtained by replacing qa and vg in qa = (Up — va)/2 by Aa sat 
and Vasat respectively, resulting in 


Udsat = Up = 24a sat- (9.25) 


Note that, due to VS, vq sat is always smaller than the pinch-off voltage vp corresponding to 
the saturation voltage when velocity saturation is not present. 


9.1.2.1 Model 1 


In a first step, the simple piecewise linear velocity-field model given by (9.5) will be used to 
derive the current. The latter is obtained by integrating (9.18) or (9.22) from source to drain, 
assuming that the drain voltage is sufficiently low for the longitudinal electric field to remain 
smaller than the critical field at any point along the channel. The carrier velocity is then not 
saturated along the channel and hence v = e and u = 1, resulting in 


ig= q? — q, (9.26) 


where qs is the inversion charge density taken at the source, which in strong inversion and 
assuming there is no velocity saturation at the source is related to the source voltage according 
to 


Up — Us 
qs Ê qi = 0) = Ba (9.27) 


and qq is the inversion charge density taken at the drain and given by (9.24). 
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To ensure current continuity, from (9.26), the drain current in saturation can also be written 
as 


ldsat = q? = dsa (9.28) 


If there was no VS, like in the long-channel case, the drain current would saturate as soon 
as qa = 0 which occurs when vg = vp. When VS is present, the drain current saturates as soon 
as qa reaches asat, Which occurs when vg becomes equal to Vasat- 

The saturation current igsar, saturation drain charge density gasat, and saturation voltage 
Vasat are depending on the source charge density qs. They can be expressed in terms of qs by 
solving equations (9.23), (9.28), and (9.25) for Gdsat» fasat, ANd Vasat, resulting in 


1 

~ [v 1+ (cgs)? — i], (9.29a) 
2 2. 

ld sat = z Aasat = 32 [v 1+ (Acgs)” a 1| ; (9.29b) 


2 
Vasat = Vp — 2qasa = vp — — | VTF Qeg} — 1]. (9.290) 


c 


ddsat 


The drain saturation voltage is plotted versus the pinch-off voltage in Figure 9.4(a), which 
shows that vasat can be substantially smaller than vp. 

The drain current including VS is plotted versus vg in Figure 9.4(b) together with the 
current which does not include the effect of VS. For vg < Vasat, the drain current follows the 
current that does not include VS up to Vasat, above which it saturates to the value igsat given 
by (9.29b). The output conductance obtained with this model is clearly discontinuous due to 
the discontinuity of the derivative of the velocity-field relation given by (9.5). A continuous 
model will be derived below (Model 2). 

The profile of the inversion charge density can be obtained by integrating (9.18) or (9.22) 
with u = 1 from the source to a point x along the channel. This leads to 


i = G2 — q, (9.30) 
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Figure 9.4 (a) Drain saturation voltage versus pinch-off voltage for Model 1 witha, = 0, 0.01, 0.1. 
(b) Drain current versus drain voltage for Model 1 with A, = 0.05 
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Figure 9.5 Inversion charge density versus position along the channel for Model 1; (a) for vp — vs = 
200 (qs = 100), vp — va = 200, 160, 40, and A, = 0.01; (b) for vp — vs = 200, va = vp and A, = 0, 
0.01, 0.1 


which can be solved for g;, resulting in 


ql) = 1/92 — iad, (9.31) 


where ig accounts for VS with qa given by (9.24). 

As Figure 9.5 shows, the profile of the inversion charge along the channel is affected by the 
VS occurring right at the drain. Indeed, the inversion charge at the drain cannot decrease down 
to zero, but remains clamped at ga sat when va gets larger than vasat. The higher the product A.qs, 
the stronger the effect. Figure 9.5(a) shows the inversion charge profile for different values of 
Up — vg and for A, = 0.01. When vp — vg = Up — vs = 200 (or vg = vs), the lateral field is zero 
and the profile is not affected by VS and hence remains uniform from source to drain. When 
Vg increases but remains smaller than Vasat (for example, the curve labeled vp — vg = 160 
in Figure 9.5(a)), the profile decreases at the drain like in the long-channel case. As soon 
as vg becomes larger then vq sat, the charge at the drain cannot decrease anymore and remains 
clamped to qd sat. In saturation, i.e., for va > Vasat the actual charge at the drain is no longer set by 
Up — Va, but by the current iasa which has to flow even though the carrier velocity is saturated 
close to the drain. Figure 9.5(b) shows the inversion charge profile in saturation (obtained by 
setting Ug = Up > Vasat) for different values of A, and for a constant value of qs. Increasing 
Ac increases asat Which tends to qs making the profile become almost uniform from source 
to drain, even though the transistor is in saturation. This situation is somehow similar to what 
happens when vg = vs, but with the difference that the current is equal to the saturation current 
idsat, Which depends only on qs as stated by (9.29b). 

Knowing the inversion charge profile allows to also get the longitudinal electric field. Indeed, 
setting u = 1 in (9.18) and solving for e, we get 


Acla = Acla 
2qi fq? — ia 


In strong VS condition, i.e., for A.gs >> 1, the saturation current given by (9.29b) 


es) = 





(9.32) 
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reduces to 


N 


ds ~ Up — Us 





ldsat = — : 9.33 
ld sat is Xe ( ) 
which after denormalization simplifies to 
TD sat = W atl Qis) = nW Cox Vsat( Vp = Vs) 
(9.34) 


= W Cox Vsat( Va _ Vro m nVs). 


Equation (9.34) shows that when the channel is under strong VS conditions, the drain current 
in saturation does not depend on the channel length anymore and varies linearly instead of 
quadratically with respect to the overdrive voltage. This can be explained by the fact that in 
such condition on one hand the inversion charge becomes almost uniform along the channel 
from source to drain and equal to the value taken at the source and on the other hand that 
the carriers are moving at their maximum velocity which is constant along the channel. The 
charge moving from source to drain per unit time corresponding to the drain current is therefore 
constant and independent of the channel length L for a given W and Vp — Vs. 


9.1.2.2 Model 2 


The discontinuity problem inherent to the simple piecewise linear velocity-field model of (9.4) 
or (9.5) can be avoided by using the continuous velocity-field model given by (9.9) or (9.10) 
with œ = 1. The longitudinal field E, can be expressed in terms of the inversion charge density 
gradient by using (9.20) 


dw, 1 dQ; 




















|E; = —= ; (9.35) 
dx nCox dx 
or in a normalized form 
Ex Ur dys 2Ur dqi dq; 
ge AN E a O y (9.36) 
Ee E.L dé E:L dé dé 
The normalized velocity and mobility can then be written as 
l — Ao 
5 A Varift = S ; (9.37a) 
Usat 1-2, dE 
ë 1 
paei 4p. (9.37b) 
Lz 1 © Xe dE 
Replacing v in (9.18) by (9.37a) or equivalently u in (9.22) by (9.37b) results in 
—2qi dqi 
po ee (9.38) 


= in : 
l-i dé 
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Rearranging (9.38) leads to 
dqi 
dé ` 
Integrating (9.39) from source (where £ = O and qi = qs) to drain (where £ = 1 and qi = qa) 
leads to 


tg = — (qi — Acia) (9.39) 


da 
ig = -f (2qi — Acta) dqi 


qs 


qs qs 
= / 2qidqi — àcia / dq; (9.40) 


da qa 
= q? — qå — Acia(Gs — qa). 


Solving (9.40) for ig results in the current expression accounting for VS using the continuous 
velocity-field model (Model 2): 


aq — ai 


ee eee ee 9.41 
1 + àclqs — qa) REN 


ia 
The drain current given by (9.41) is plotted in Figure 9.6(b) and compared to the current with- 
out any VS effect. Note that the drain charge density qa in (9.41) should be taken equal to (9.24) 
to account for the saturation of qa to qasa When va > Vasat- If qa is taken equal to (vp — va)/2 
instead (without accounting for the saturation), the current reaches a maximum at va = Vdsat 
and then decreases as shown by the dashed line in Figure 9.6(b). Now, the current cannot actu- 
ally decrease, but must saturate to ig sat for vg => Vasat- The charge at the drain must also saturate 
to da = asat for va È Vasat- Also note that at the onset of saturation, the electric field right at 
the drain has to tend to infinity in order for the velocity to tend to the saturation velocity Vsat. 
The saturation current is obtained by replacing ig and gq in (9.41) by dasat and Ga sat, respec- 
tively, resulting in 


2 2 
ds — dsa 


ee eee (9.42) 
1 + Ac(Gs T asat) 


ldsat = 
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Figure 9.6 (a) Drain saturation voltage versus pinch-off voltage for Model 2 witha, = 0, 0.01, 0.1. 
(b) Drain current versus drain voltage for Model 2 with A, = 0.05 
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Equations (9.23), (9.42), and (9.25) can then be solved for Ga sats da sat; ANd Vasat, resulting in 


1 
ddsat = a (1 + cs TN 1 + hed): (9.43a) 


2 2 
ldsat = z Aasat = 72 (1 + Acs — vy 1+ hed) ; (9.43b) 
2 
Udsat = Up = 24d sat = Up = 2. (1 + Acs =N 1 + Peds) š (9.43c) 


The drain saturation voltage given by (9.43c) is plotted versus the pinch-off voltage in 
Figure 9.6(a) for two different values of à.. It clearly shows the reduction of the saturation 
voltage with respect to the pinch-off voltage, due to VS. 

The profile of the inversion charge along the channel is obtained by integrating (9.39) from 
the source, where qi = qs, to a point in the channel, resulting in 


ae 
a (9.44) 
1+ Ac(ds — 4i) 


Solving (9.44) for q; results in 





Ne. Aaa cme 
gil) = Fiat (a-si) — Eig, (9.45) 


where the current iq is given by (9.41). Equation (9.45) is plotted in Figure 9.7(a) for different 
values of vp — va and in saturation (i.e., for vg > Vasat) for different values of A, in Figure 9.7(b). 
The longitudinal electrical field is obtained by solving (9.18) and (9.12), resulting in 








E) av (9.46) 
e — ee A 
E — Yel 

120 
129 Vp — Yq = 200 

#06 Ag= 0.4 


100 






80 























80 ` 
-vqe1 = 
a eol Model2 “PY 180. o 60 
with PSS 
Vp — Vg = 200 (4g= 100) y -y -40 40L 
40; PS S Yp- Vd Model 2 
Le OO e eara n N, i with 4¢=0 
20L f aE N 20} Yp- Vg = 200 (qs = 100) 
dsat = 26.8 i =V, A Vd = Vp 
0 | i i $ P 0 l l l l 
00 02 04 06 08 10 DON AEn T OAs 0GS 0B TO 
E =x/L é =x/L 
(a) (b) 


Figure 9.7 Inversion charge density versus position along the channel for Model 2: (a) for vp — vs 
200 (qs = 100), vp — va = 200, 160, 40, and às = 0.01; (b) for vp — vs = 200, vg = vp and Ac 
0, 0.01, 0.1 
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9.1.2.3 Model 3 


Finally, the effect on the drain current can also be evaluated for the velocity-field model given 


by (9.13) or its normalized form (9.14). The drain current can be derived in a similar way than 
for the Model 2 described above, resulting in 


q -ai 


ig = = A as 
1+ #(qs — qa) 


(9.47) 
for vg < Vasat Whereas 


q? — disa 
1 + % (qs onl qasat) 


ia = ldsat = (9.48) 
for vg = Vasat- 


Equations (9.23), (9.48), and (9.25) can then be solved for qasat, idsat and Vasat, resulting in 





he g? 
24s 
dds = ’ (9.49a) 
' 1+% 
2 2 
ba he (9.49b) 
Xe 1+ 349s 
2 eds (9.49c) 
Vdsat = Up — 24dsat = Vp — — =. 49c 
t P Ad sat p 1 a. deg, 


The drain saturation voltage Vasat for Model 3 given by (9.49c) and the drain saturation 
current for Model 3 given by (9.49b) are plotted in Figures 9.8(a) and 9.8(b), respectively. 


The profile of the inversion charge for Model 3 is obtained in a similar way than for Model 
2, resulting in 





ees ee. ae ee 
qi) = 7 Sia + (a-si) — ig, (9.50) 
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Figure 9.8 (a) Drain saturation voltage versus pinch-off voltage for Model 3 witha, = 0, 0.01, 0.1. 
(b) Drain current versus drain voltage for Model 3 with A, = 0.05 
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Figure 9.9 Inversion charge density versus position along the channel for Model 3: (a) for vp — vs = 
200 (qs = 100), vp — va = 200, 160, 40, and A, = 0.01; (b) for vp — vs = 200, vg = vp and A, = 0, 
0.01, 0.1 


where ig is given by (9.47). The inversion charge profile for Model 3 given by (9.50) is plotted 
in Figure 9.9. 
The longitudinal electrical field is obtained by solving (9.18) and (9.16), resulting in 


2dcla 


ao er OF 


(9.51) 


9.1.2.4 Model comparison 


The drain saturation voltages for the three different velocity-field models are plotted versus 
the pinch-off voltage in Figure 9.10(a). The piecewise linear model (Model 1) predicts the 
smallest saturation voltage, the continuous model (Model 2) the highest, and the third model 
is in between. 

The drain currents using the three different velocity-field models are plotted in Fig- 
ure 9.10(b). The piecewise linear model (Model 1) gives the highest saturation current, the 
continuous model (Model 2) gives the smallest, whereas the third model again lies in between. 
Again note that the CLM effect has not been accounted for and hence the currents remain 
constant in saturation. The CLM effect will be analyzed in Section 9.2. 

The inversion charge profiles in saturation for the three different models are plotted in 
Figure 9.11(a). The three models look very similar, starting at qs = 100 on the source and 
decreasing to the value of gasat at the drain. 

Finally, the longitudinal normalized electric field profiles in saturation are plotted for the 
three velocity-field models in Figure 9.11(b). For Model 1, the field reaches the critical field 
right at the drain. For Model 2, the field becomes infinity at the drain in order for the velocity 
to saturate. Finally, for Model 3, the field reaches twice the critical field at the drain, which for 
this model is the value at which the velocity saturates. 
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Figure 9.10 Comparison of the drain saturation voltages and of the drain saturation currents for the 
three velocity-field models for A, = 0.05 
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Figure 9.11 Comparison of the inversion charge and longitudinal field profile in saturation for the 
three velocity-field models 


9.1.3 Effect of VS on the Transconductances 


The transconductances are defined by (5.2). The normalized transconductances can be written 
as 


A G ms dia dia dqs 























ms = = ; 9.52 
8 Goo Ou, dq, Dv, ey) 
Gma Oia Oia OGa 
A 
PR = 9.52b 
Emi | Goge Ova qa Dva vay) 
A Gm dia dia dvp Ea 1 dia 
a= G spec z Ov, ~ OUp Ug n OUp 
1 /ðia ðqs Oig O 
= en ES e Eee (9.52c) 
n \0gs 0Up Aqa OUp 
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where Gspec is defined as 


I; eC 
Gspec = ie (9.53) 


From (9.27) and (9.24), below saturation the partial derivatives of qs and gq with respect to 
vs and vg respectively are given by 





DAF res. (9.54a) 
= —- 54a 
dvs oi 
dqa 1 
EA 9.54b 
Ova 2 ( ) 


and therefore the normalized transconductances in strong inversion are simply given by 





1 dia 
ms — 7 > 9.55 
g Zg: (9.55a) 
1 ði 
E E (9.55b) 
2 04a 


Note that the general relation (5.9) between Gm, Gms, and G ma still holds, even though due 
to VS. the drain current cannot be split into a forward and reverse component that depend only 
on Up — vs and vp — va, respectively. But as long as the source and drain charges qs and qa 
depend only on the differences vp — v, and vp — ug respectively, the derivatives of the charges 
with respect to the pinch-off voltage are then given by 








dqs ðqgs 1 

= = 9.56 
OUp Os 2 ( a) 
dqa ðqa 1 

= =-, 9.56b 
dvp Ovg 2 ( ) 


where (9.54) has been used. It can then be shown from (9.52c), (9.55), and (9.56) that the gate 
transconductance is given by 


ppa ae (9.57) 


n 


even when VS occurs. In saturation, gma = 0 and hence (9.57) reduces to 


nee (9.58) 
n 


9.1.3.1 Model 1 


With the piecewise linear velocity-field model, (9.55a) and (9.55b), for va < Vasat, are then 
simply given by the long-channel values 


Ems = Ys, (9.59a) 
8md = qa. (9.59b) 
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In saturation, i.e., for vg > Vasat, neglecting the effect of CLM, the drain current is clamped 
and held constant with respect to vg to the value iasa- The drain transconductance Gma is 
therefore zero in saturation. The normalized source transconductance in saturation ms sat 1S 
obtained by differentiation of (9.29b), resulting in 


a A Old sat S, 1 Old sat A qs 
ms sat dv, 2 qs 1+ Aeq) 


Due to VS, the simple piecewise model shows that the source transconductance is lowered 

1 + (Acgs)? compared to the value without VS. As mentioned above in the case of strong 

VS conditions, the saturation drain current becomes linear with qs, and Vp — Vs, resulting in a 
constant value of the saturation transconductance gms sat inversely proportional to A, 





(9.60) 











abonadu ee (9.61) 
miat = 7 = OF Acs , : 
j ; Xe 2uz Ur a 
or in denormalized form 
re G spec 
G mssat = G spec * Sms sat = ie =n.: Cox W. Usat- (9.62) 
The transconductance-to-current ratio in saturation can be derived from (9.60) and (9.29b) 
as 
ms sal ae S 
e L , (9.63) 
jase 2 [1 + (eqs)? - VTF Ceg 
For Ags > 1, (9.63) reduces to 
mssat ~ 1 1 
ORIEN ia ss (9.64) 


id sat 2s Aclis 
which decreases inversely proportional to iasat instead of Viasat as it would when VS is not 
present. 


9.1.3.2 Model 2 


The normalized source, drain, and gate transconductances for va < Vasat in the case of the 
continuous velocity-field model (9.9) or (9.10) are given by 


gst 8(qs— aay B+ Oa vs)? 











Ems = = ; (9.65a) 
[1+ Aelgs = 4d [14 (va — v0)" 
Àc 2 Up— Vd Ae 2 
qa — F (ds — Qa) 2y — ga Us) 
Ema = 2 7=——_3 = (9.65b) 
[1 + Ac(gs — qa)] [1 + (va — vs)] 
s— 1 — Us 1 
A ie S (9.65c) 


n 1+Ac(gs—qa) 2n 1+#(va-— 05) 


184 SHORT-CHANNEL EFFECTS 


Similar to Model 1, in saturation, the drain current ig,a is clamped to a constant value with 
respect to vg corresponding to its maximum value taken at vg = Vasat and remains constant 
for vq > Vasat. The drain transconductance Gma is therefore zero and the normalized source 
transconductance in saturation 2ms sat becomes 








A Old sat = 1 Oidsat = 1 1 
Smat Ra Og: de VIF Dede sé 
24s 1 l 
Z! : = for qs 1, 
ay ee ray or eek VE 
which can be approximated by 
ie qs 
&mssat = Ti (9.67) 
1+ 3 cs 


As mentioned above for A.gs >> 1, 8mssat saturates to a constant value 1/A,. The normalized 
gate transconductance is then simply given by (9.58). 

The transconductance-over-current ratio in saturation is then given from (9.43b) and (9.66) 
as 


8ms sat cd Xe My 1 1 
id sat 1 + 2s ay 1 + 2s 2s Acld sat 








for qs > 1, (9.68) 


which has the same asymptote than for Model 1. 


9.1.3.3 Model 3 


The normalized source and drain transconductances for the third velocity-field model (9.13) 
or (9.14) and for va < Vasat are given by 


+ 4 so z Ws y de(u — vs)? 
RETE E oes oe Hg as) (9.69a) 


[1+ %e(qs—qa)]” [H (va —0,)]? | 




















Àc 2 Vp—Vd Àc 2 
qa — F (qs — a) — Teva — Us) 
Ema = ——" z = 8 as (9.69b) 
[1+ F@s — qa)] [1 + F(a - vs)] 
so 1 — Us 1 
gm = qs — qa _ Va — Us (9.690) 


n 1+%(qs—q) 2n 1+ #%#(va— vs) 


As for Models 1 and 2, in saturation, the drain current is constant with respect to vg and 
hence the drain transconductance is zero. The source transconductance is then obtained by 
differentiating (9.49b), resulting in 


Oidsa 1 Diasa s(1+ e s 1 
Emssat = = _ z ~ = 1 ( F i) = 7 for qs > 1. (9.70) 
Us ds (1 + Fads c 
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The transconductance-over-current ratio in saturation is then given from (9.49b) and (9.70) 
as 


&ms sat 1+ %qs N. 


Ud sat 5 ds (1 + 42s) -= 24s z Acldsat 





for gs > 1. (9.71) 


9.1.3.4 Model comparison 


The normalized source transconductances in saturation for the three models are plotted versus 
the normalized pinch-off voltage in Figure 9.12(a) for A, = 0.1. As mentioned at the end of 
Section 9.1.2.1, the drain current in saturation becomes linear instead of quadratic with respect 
to the overdrive voltage Vp — Vs (c.f. equation (9.34) and hence the source transconductance 
in saturation saturates to a constant value equal to 1/4, as soon as velocity saturates. 

The degradation of the source transconductance due to VS can be evaluated by defining the 
ratio of the source transconductance in saturation to the source transconductance in saturation 
without the effect of VS (which actually is simply equal to qs) 





Xmssat A Emssat = Emssat ; (9.72) 
&ms satla,=0 qs 


For the first piecewise linear model (Model 1), the degradation is given by 
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Vilt+ (Acqs)* 
whereas for the continuous model (Model 2), it is given by 
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Figure 9.12 (a) Source transconductance and (b) source transconductance degradation versus the 
pinch-off voltage for the three velocity-field models 
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The transconductance degradation function for the third velocity-field model is given by 
1+ qs 


—— (9.75) 
(1+ 4s)" 


Xms sat = 


Figure 9.12(b) illustrates the degradation of the source transconductance in saturation due to 
VS with respect to the pinch-off voltage for the three velocity-field models. They all show quite 
a dramatic impact of VS on the transconductance. As an example, for a channel length L = 
0.1 um, corresponding to A, = 0.5, the reduction can be larger than a factor 10 for a pinch-off 
voltage of about 1 V (corresponding to vp = 40 and qs = 20). This obviously has a significant 
impact on power consumption for a given cutoff frequency. As explained in Section 9.4, it also 
has an important impact on the thermal noise. 


9.2 CHANNEL LENGTH MODULATION 


The CLM effect was already introduced in Section 4.6 using a very simple model that ignored 
the effect of VS. But obviously CLM is tightly linked to the effect of VS since carriers enter 
into velocity in the high longitudinal field region close to the drain. As shown in Figure 9.13(a), 
this effect can be explained simply by splitting the source to drain region into a nonsaturated 
region (the channel region) and a velocity saturation region (VSR) close to the drain [115]. 
The length of the saturation region AL where the carrier travels at saturated velocity depends 
on the longitudinal field and hence on the drain and gate bias voltages. The effective length 
where the carrier velocity is not saturated is therefore smaller than the length L between the 
source and drain junctions. 

The first-order model introduced in Section 4.6 ignored VS and estimated the channel length 
reduction based on the length of the abrupt depletion regions on the source and drain sides of 
the channel. In this section we will derive a more accurate model that also accounts for the VS 
effect described in the previous section. To do this, we will use the third velocity-field model 
since the continuous model requires the field to become infinity for the carrier velocity to reach 
saturation, whereas the piecewise linear model is not accurate enough. 

A schematic diagram of the VS region is shown in Figure 9.13(b). The VS region length 
can be derived by applying the Gauss’ law to the ABCD box. Following the derivation made 
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Figure 9.13 (a) VS region and channel region definition. (b) Schematic diagram of the VS region 
[115] 
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n [115], we will assume that (a) the carriers in the VS region are traveling with a saturated 
velocity; (b) the junction on the drain extension region is abrupt and the drain extension is 
heavily doped and hence is perfectly conducting; and (c) the current flows no deeper than 
the junction depth and is confined in the box. To simplify the derivation, we also change the 
coordinate system as indicated in Figure 9.13(b). To apply Gauss’ law, we will further assume 
that the field is independent of y and that the field lines crossing the BC boundary contribute 
very little. This results in 


—€ 5X} W Esat + Esixj W Ex(x’) + exw | Eox(x') dx’ = Qbox Wx’, (9.76) 
0 


where E(x’) is simply given by 


A _wW— / 
pee Os oe (9.77) 


tox 





and Qbox £ qnpxj + q Nyx; corresponds to the charge per unit area in the VSR with n, being 
the electron concentration and M, the fixed charge concentration. 

Since the current and velocity are constant in the VSR, np is also constant in the VSR and 
hence differentiating (9.76) with respect to x’ results in 


dE, (x) roe 
cou — a F Eox Eox (X ) = Qbox- (9.78) 


Replacing Eox in (9.78) by (9.77) results in 


dE. (x’) 


dx’ T Cox[ Va — Veg — Yo — Va^] a Qbox- (9.79) 





Esi Xj 


On the left side of the VS region, the gradual channel approximation applies and the gradient 
of the longitudinal field can be ignored compared to the gradient of the vertical field. That is, in 
this region, all the silicon charges are controlled by the vertical field only. This approximation 
also applies to the boundary at x’ = 0, where the channel voltage V(x’ = 0) is equal to the 
saturation voltage Vp sat- The gradient of the longitudinal field dE, (x’)/dx” in (9.79) can hence 
be neglected and (9.79) then simplifies to 


€ox Lox (x’ a 0) = Cox (Vo — Vew -W — Vp sat) = Qbox- (9.80) 


The saturation voltage Vp sat normalized to Ur is given by (9.49c). Replacing Qpox in (9.79) 
by (9.80) results in 


dE, (x’) — V(x’) — Vp sat 
dx’ 2 $ 


tê y Éi xxj = (= Siti (9.82) 
Eox Cox 


(9.81) 





where 
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Differential equation (9.81) can be solved by applying the boundary conditions E(x’ = 0) = 
Esa = 2E, and V(x’ = 0) = Vpsat, resulting in 


E,(x’) = Esa cosh (=) (9.83) 
and 
x’ 
V(x’) = VD sat + LE sat sinh (=) : (9.84) 


Equation (9.83) indicates that the field increases almost exponentially close to the drain 
where it becomes maximum at the end of the VS region and is given by 


; AL 
E,(x = AL) = Emax = Esat cosh yh (9.85) 
whereas 
; . AL 
V(x = AL) = Vp = Vpsa + €Esat sinh a (9.86) 
Equations (9.85) and (9.86) can then be solved for AL and Emax 
AL = £ asinh(w) = £ In (u + vu? + 1), (9.87a) 
Emax = Esat V u? +1, (9.87b) 
where 


A Vp = VD sat 


9.88 
l Esat ( 


u 


The channel length reduction normalized to £ is plotted versus u in Figure 9.14. 
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Figure 9.14 Channel length reduction AL/£ versus u £ (Vp — Vp sat)/(€E sat) 
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Figure 9.15 Application of Gauss’ law to calculate Qsi 


9.3 DRAIN INDUCED BARRIER LOWERING 
9.3.1 Introduction 


With the gradual channel approximation used to develop the long-channel model in Part I, the 
second derivative of the channel potential (first derivative of the electric field) was assumed to 
be negligible along the channel. As a consequence, the charge density in silicon Qs; depended 
only on the vertical surface field as illustrated in Figure 3.2. This approximation is no longer 
acceptable for short-channel transistors, and the variation of the horizontal field E, must 
be included in the calculation of Qsi, as illustrated in Figure 9.15. This figure depicts an 
elementary volume of unit width and of length dx. Its depth is tg, the depletion depth (or 
depletion thickness), beyond which the potential is assumed to be constant (W = 0). 

The negative elementary charge Q,; dx enclosed in this volume is increased in absolute value 
by the difference dE, <0 of the horizontal field created by the drain voltage. Alternately, the 
value of Eox needed to obtain a given charge density is reduced, corresponding to an increase of 
surface potential. Hence the name drain induced barrier lowering (DIBL) given to this effect. 


9.3.2 Evaluation of the Surface Potential 


Following the analysis carried out in [116], the application of Gauss’ law to the elementary 
volume depicted in Figure 9.15 results in 


(Osi + Ofc) dx = —€ox Eox dx + €sita dE,, (9.89) 
where dE, is assumed to be constant across the depletion depth fg, with 


dE, ey, 
a ae 0. (9.90) 








By introducing expression (2.3) of Eox and definition (3.22) of Vpg, we obtain a second-order 
differential equation of W: 








play = Va — Ven + 2 (9.91) 
c dx2 s= VG FB eS . 
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where L, is a characteristic length defined by 


Esita 
Cox 





L. Ê (9.92) 


Now, ta is itself slightly dependent on the surface potential Y%; hence, equation (9.91) is 
nonlinear. This dependency is weak; therefore, we shall assume L, constant in order to integrate 
the equation. 

When the surface potential is constant along the channel, this equation has the particular 
solution, 


Osi(Wu) 


We = Wy £ Vo — Ve + 
Cox 


(9.93) 
which is also the solution for a long channel corresponding to (3.19). Constant W, is possible 
only in weak inversion, or in strong inversion with Vp = Vs. 

The general solution of (9.91) is then 





sinh xox sinh rm 
W(x) = Wy + [Y0 — Yo] —— > + YCL) - Yal —— F. (9.94) 
sinh T sinh = 


where W, (0) and W, (L) are the source and drain potentials. According to Figures 4.12 and 4.13, 
these can be expressed as 


W0) = Pg + Vs, WL) = g + Vp, (9.95) 


where ®p is the junction potential barrier given by (4.55). 
By introducing the normalized variables 





E=x/L and à= L/L., (9.96) 
equation (9.94) becomes 
sinh [A(1 — &)] sinh (Aé) 
W (E) = Yy + (Dg + Vs We) z F (®p + Vp — Wa) ES (9.97) 
sinh à sinh À 


It can be pointed out that the particular solution (9.93) used to integrate (9.91) corresponds 
to an equipotential channel (Vs = Vp = V) with Y, = Wy = g + V. 
Now, for à larger than a few units, this result can be approximated by 


WE) = Wy + (Dg + Vs — We + (Og + Vo — We, (9.98) 
——————— SS 
SAW (E) 


where AW, (é) is the increase of surface potential with respect to the long-channel approxima- 
tion. 

Although L, given by (9.92) has been assumed to be constant while integrating (9.91), it is 
slightly dependent on Y through ta. By introducing (9.92) in (9.96) with tg given by (3.26), 


DRAIN INDUCED BARRIER LOWERING 191 


L [a N, C2 
=> =L 4 E (9.99) 


showing that à is only a weak function of Y. 
At the onset of inversion for Vs = Vp = 0, W, = Wp = Wo, which corresponds to a particular 


value of à: 
L M, C2 Noy — 
E y E E N E (9.100) 
L 0 2e; Esi lb 


For the general case, we shall assume that the depletion depth is essentially controlled by 
W, = Wp and use the following approximation: 


REER (eal 9 (9.101) 
L OW) 


we obtain 











In reality, even in weak inversion, the surface potential with DIBL is not constant all along 
the channel. This could be accounted for by a fitting parameter in (9.101) [116] which we shall 
not introduce here. 

In weak inversion, the surface potential for a long channel is constant: Wy = Wp. The 
variation of surface potential due to DIBL given by (9.97) is plotted in Figure 9.16 for two 
values of pinch-off voltage and two values of drain voltage. 

At both ends of the channel, the surface potential drops from ®g + Vs p to Wp = Wo + Vp 
within a distance characterized by À. For a long channel (L > Le), this distance is negligible, 
and the surface potential is equal to Wp over most of the channel length. On the contrary, for 
a short channel, the surface potential never reaches Wp; the barrier for the current carriers is 
lowered and the current is increased. Furthermore, the amount of lowering depends on the drain 
voltage, as we can see in the figure. Therefore, even if the device is saturated (as is the case 
in the figure since Vp — Vs >> Ur), the drain current keeps increasing with the drain voltage. 
It should be noticed that, for the values of M, and Cox used in the example of Figure 9.16, a 
channel length L = 0.5 um is already too short to avoid DIBL. 
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Figure 9.16 Surface potential in weak inversion: short channel (L = 0.5 um) compared with long 
channel (L = 10 um). All voltages are normalized to Ur 


192 SHORT-CHANNEL EFFECTS 


The increase of surface potential, AW,, has a minimum at a position & that can be calculated 
by differentiating (9.98). Neglecting again the variation of A, we obtain 








1 1 p Vp — YG 
fe ee eee (9.102) 
2 A Op + Vs — Wy 
which introduced in (9.98) gives 
AW, min = 2e~*!? (Pg + Vs — Ya )(Pz + Vo — Wu). (9.103) 


In a long-channel transistor, when the pinch-off voltage Vp = Wp — W is increased and 
approaches Vg, the inverted charge at the source end of the channel is no longer negligible 
and the device enters moderate inversion. The local surface potential stops the following Wp 
to finally saturate at W + Vs. As Vp keeps increasing, this saturation (to the local value of 
channel voltage V) extends progressively to the whole channel. Hence, an increasing part of the 
channel has a variable surface potential (except for Vp = Vs), and the validity of the previous 
analysis is progressively lost. 

Since (9.93) remains a solution of (9.91) as long as its second derivative is negligible, we 
shall extend (9.103) to moderate inversion by limiting Wy to its value at the source 


Qis 


Wy = Wt 5 
sl P nCox 





(9.104) 


or, with normalized variables 
Wa = Vp — 24s, (9.105) 


according to (3.39). The dependency of g, on v, is given by (3.48), the general relation between 
voltages and charge. Unfortunately, this relation cannot be inverted to provide the charge from 
the voltages, but we can use the following approximation: 


ab Up —u—-1 
qi X ln ESPE a ; (9.106) 


which is good in strong and moderate inversion, when the charge cannot be neglected, as shown 
in Figure 9.17. 
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Figure 9.17 Normalized charge—voltage characteristics; (curve a) original relation (3.48); (curve b) 
approximation (9.106) 


DRAIN INDUCED BARRIER LOWERING 193 





(6) N 





Yq 
Parameter 





Parameter 


= 
O 






a 
N 











œ 















iN 





-No = 3.1016 cm... 

















oO 





> 
Norm. increase of surface pot. ;S 


o 02 o4 o6 08 100 02 04 06 08 7.0 
Normalized distance from source & = x/L 


Figure 9.18 Increase of surface potential due to DIBL 


Introducing this approximation in (9.105) with Yp = Wo + Up gives 


Up — vs — 1 
Ws = Wo + vp — 2 In cs a a : (9.107) 


As required, this expression tends to yp) in weak inversion, and to Wo + vs in strong in- 
version. 

The increase of surface potential Ay, can now be calculated by introducing (9.107) in 
the normalized form of (9.98). It is plotted in Figure 9.18(a) with the same parameters as in 
Figure 9.16, and for a fixed value of vg and several values of vp ranging from weak inversion 
to moderate inversion. 

In Figure 9.18(b), vp is fixed in weak inversion and Ay, is plotted for various values 
of va. 

The increase of surface potential goes through a minimum given by (9.103). This minimum 
is plotted in Figure 9.19 for the same numerical values. As can be expected, this minimum 
increases with the drain voltage. As the pinch-off voltage increases from very negative values 
(corresponding to very small currents), AY, min first increases until it reaches a maximum. It 
then decreases as moderate inversion is approached. 
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Figure 9.19 Minimum of surface potential increase. Same numerical values as in Figure 9.18 
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9.3.3 Effect on the Drain Current 


In weak inversion, the surface potential for a long channel is constant and equal to Wp. Before 
diffusing to the drain, the current carriers must pass a potential barrier of height Mg + Vs — Wp. 
As shown in Figure 9.16, when the channel is shortened and L approaches the characteristic 
length Leo defined by (9.100), the surface potential cannot reach Wp and its minimum is AY min 
higher. This corresponds to a lowering of the barrier by AY, min, which (in weak inversion) 
has an exponential effect on Q;, the density of mobile charge. The position of the barrier also 
moves away from the source, thereby reducing the effective channel length, but this linear 
effect can be neglected in a first approximation. 

Hence, the effect of DIBL on weak inversion current can be accounted for by adding AY min 
given by (9.103) to Yp or Vp in the equation of the current for a long channel. 

In strong inversion, the surface field increases with the inversion coefficient; hence, the 
relative importance of the lateral electric flux in Figure 9.15 is progressively reduced. Hence, 
although the previous analysis loses its validity, we shall also apply it to strong inversion for 
the calculation of current, as a very first approximation. The general current—voltages rela- 
tion (4.25) and the alternative continuous voltages—current approximation (4.39) then become 
respectively: 


Up — Vsa + AWsmin = V1 + fitr + In (y1 + fin — 12) — (1 +12), (9.108) 





(9.109) 


=Z Us A smin 
igr = In? (1+ exp £ met 4 ), 


Using this last equation, the gate-to-drain characteristics in saturation (ig = ig since Up < 
vq) are plotted in Figure 9.20(a) for several values of Ao. The relative increase of current 
is plotted in Figure 9.20(b). It is large in weak inversion and decreases at the approach of 
moderate inversion. As mentioned before, the results lose their validity for Vp > 0, although 
the qualitative tendency is certainly correct. Furthermore, other short-channel effects (for 
example, VS) are then combined with DIBL. 
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Figure 9.20 Effect of DIBL on the gate transfer characteristics: (a) drain current for several values 
of ào; (b) relative increase of current 
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Figure 9.21 Effect of DIBL on the output characteristics: (a) in weak inversion; (b) in moderate 
inversion 


As can be seen, the current increases very abruptly with the reduction of length: 1 to 1000 
for ào reduced from 8 to 4. It would be almost negligible (less than 10%) for Ap > 12. 

It must be pointed out that, since AY, min is a function of all the bias voltages (Vs, Vp, and 
Vo), Ip becomes dependent on Vp, and Jp becomes dependent on Vs. As predicted in Section 
4.5.3, the fundamental property is degraded. As a result, the output conductance in saturation 
is drastically increased, as we can see in the output characteristics plotted in Figures 9.21(a) 
and 9.21(b) for two different values of vp. Again, this increase is maximum in weak inversion. 
As a matter of fact, since AW; min increases approximately linearly with the drain voltage (see 
Figure 9.19(b)), the drain current in weak inversion increases exponentially with the drain 
voltage, as was already pointed out in 1973 [10]. 

The characteristics of Figure 9.21 have been obtained by ig = i — i,, although the super- 
position property is no longer valid here. However, it affects only the low-voltage part of the 
characteristics (vq — vs < 5) for which i, is not negligible. 

Figure 9.22 shows the source-to-drain transfer characteristics also plotted from (9.109) 
(the curves correspond to saturation: ig = ig except for vs > va — 5). As for the gate-to-drain 
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Figure 9.22 Effect of DIBL on source transfer characteristics: (a) drain current for several values of 
io; (b) relative increase of current 
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characteristics of Figure 9.20, the current is significantly increased in weak inversion for 
Ao < 8. 


9.3.4 Effect on Small-Signal Parameters in Weak Inversion 


As already pointed out, the previous analysis of DIBL is valid only in weak inversion, where 
its effect is maximum. Therefore, the discussion of the related small-signal parameters will 
be limited to weak inversion. In addition, we shall consider only the saturated transistor with 
iq = ig. This forward component of current given by (9.109) can be approximated by 


if = exp (Up — Us + A Ws min), (9.110) 
where A Ys min 18 given by (9.103) with Wu = Wp = Wo + Up. 


The differentiation of (9.110) with respect to v, provides the source transconductance in 
weak inversion (normalized to Gopec given by (5.6)): 


dA Ws min g = E Ugi 
gn = ie (1 - Hem) Syl re E E (9.111) 
du, Po — Wo — Up + Us 


Due to DIBL, Ip also depends on the drain voltage. The drain current therefore keeps 
increasing in saturation, as shown in Figure 9.21. The corresponding output conductance 
(which is actually a component of the drain transconductance that is proportional to Zp) is 
obtained by differentiating (9.110) with respect to vg: 


dA smin è a = a s 
Emdsat = Tan = 1p e 0 [8 "i "p a (9.112) 














dva Pb — Wo — Up + va 


Finally, the gate transconductance in weak inversion is obtained by differentiating (9.110) 
with respect to vp. Knowing that dup/dvg = n and that à also depends on vp according to 
(9.101), we obtain 








non = (14 e 
dup 
J = AR(Up, Us, Va) (pb — Wo — Up) + Us + Va 
à/2 p P 
i Í ve ( A(W + Up) R(Up, Vs, Va) )| ony 
where 
R(Up, Vs, Va) = (b — Vo — Up + Vsp» — Wo — Up + va). (9.114) 


The three transconductance to current ratios given by (9.111), (9.112), and (9.113) are 
plotted in Figure 9.23 as functions of the drain voltage for two values of Ao. Their variation 
with the source voltage (at constant vp — vs) is shown in Figure 9.24. 
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Figure 9.23 Effect of DIBL on transconductance in weak inversion: dependency on drain voltage 
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Figure 9.24 Effect of DIBL on transconductance in weak inversion: dependency on source voltage 
(with constant vp — vs) 
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Figure 9.25 Effect of DIBL on maximum voltage gain 


Although DIBL may increase the current in weak inversion by several orders of magnitude, 
&m/i¢ and Yms/i¢ are reduced only by less than 40%, even with Ao as low as 4. The reduction 
is negligible for A9 > 8. Hence, if the device is biased at a constant current (as should always 
be the case in weak inversion), the effect of DIBL on source and gate transconductance is not 
very significant. 

As could be expected from the output characteristics of Figure 9.21, the main problem lies 
iN 2mdsat, the residual conductance in saturation. For a long channel, the conductance gas due 
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to CLM is much smaller than gms; therefore, the small-signal voltage gain given by (5.24) can 


be very large. With the DIBL occurring in a short channel, the voltage gain is limited to 


Gms = Ems 
G mdsat 8md sat 








(9.115) 


Ay max = 


As shown by Figure 9.25, this maximum gain becomes very small for Ap = 4. It increases 
rapidly for larger values of Ao to be limited by CLM for Ao larger than 10-12. 


9.4 SHORT-CHANNEL THERMAL NOISE MODEL 


The long-channel thermal noise model derived in Section 6.2 assumed that the mobility was 
constant along the channel and that the channel length was sufficiently long so that VS and 
CLM could be neglected. These assumptions are obviously not valid anymore for short-channel 
devices where VS and CLM effects have to be accounted for. Mobility reduction due to the 
vertical field also greatly influences the thermal noise and has also to be included. This will be 
done in the next sections. 


9.4.1 Thermal Noise Drain Conductance 


In order to account for the CLM, the region between the source and the drain is split into the 
channel region of length Le on the source side, where the carrier velocity is not saturated, and 
the VS region on the drain side, where the carrier velocity saturates to Vsat (Figure 9.26). Since 
in the VS region the carrier travel at their maximum saturated velocity, they will not respond 
to the local change of the electric field caused by the noise voltage fluctuations. Therefore, 
the noise fluctuations generated in the VS region do not propagate to the drain since the 
conductance on the drain side is zero [117]. Therefore, the dominant contribution to the drain 
noise mainly comes from the channel region between x = 0 and x = Left- 

Since the effects of VS, mobility reduction due to the vertical field, and CLM are pre- 
dominant in strong inversion, we will derive the PSD (power spectral density) of the drain 

















Figure 9.26 Cross section of the MOS channel with a thermal noise source at position x and with 
the VS region to account for the effect of CLM 
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current fluctuations assuming that the transistor is biased in strong inversion. The model can 
be extended to cover all regions of operation as described in [55]. 

We will reuse the general approach presented in Section 6.1. The PSD of the drain current 
fluctuations due to the single elementary noise source 5J, is given by (6.3), which is repeated 
here for convenience: 


Ss = Ge, AR’ S512, 
where AR is the resistance across the channel slice and Gen is the channel conductance at 
point x along the channel and given by (6.2) 


ee! + : (9.116) 
Gan Gy Ga i 





Conductances G, and Gz, are the channel conductances seen by the local thermal noise current 
source 6J, on the source and drain sides respectively. They can be derived by splitting the total 
transistor into transistor Mı and M3 on the source and drain side, respectively, as shown in 
Figures 6.2 and 6.3. Conductance G, actually corresponds to the drain transconductance of 
transistor Mı after having isolated it from transistor M3: 

a dip 


G; = Gn —, 9.117 
aay ( ) 


where current Jp is redefined as the current entering the drain of transistor M4: 


W yV 
pea T EE (9.118) 
X Vs 


Notice that for clarity, V’ is used as dummy variable for integration in (9.118) to distinguish 
it from variable V. In order to differentiate (9.118) for calculating conductance G;, we must 
remember that {veg is a function of the electric field E, which depends on the position x along 
the channel or equivalently on the channel voltage V at that position. In the most general case, 
we do not know kett as a function of the channel voltage. Even though we would know it, it is 
not sure we could integrate (9.118). A work around is to notice that the current Jp given by 


Ip = —W[-Qi(V) ]Mett( Ex) Ex (9.119) 


is constant along the channel and (9.119) can be solved for Ey, which now becomes a function 
of V and Jp. Replacing Ey = E,.(V, Ip) in the expression of Wer makes Hepp become a function 
of V and Jp and (9.119) becomes 


Ip = —W[-Qi(V) ]Merr(V, Ip) Ex 
dV (9.120) 
= W[-Oi(V)]Mer(V, Db: 


The current Jp is then given by a function F (V, Ip) of variables V and Jp defined by 


a W 7 , , , 
Ib = F(V, Ip) = ~ | [-Qi(V")]Mer(V", Ip) dV’. (9.121) 
Vs 
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The total differential of current Jp is then given by 


OF OF 
dip = dF = — dV + — dh, 
p av T amp 


and the total derivative corresponding to G, writes 


dp F P OF dh 
dV OV. dlp dV’ 





G = 


which can be solved for G, = dJp/dV as 


odb $F 


G,=—— = . 
s oF 
dV 1- 3r 





The partial derivatives of F can be evaluated from (9.121) as 


OF W 
3v E = Qi) Metr 
OF = W 4 O Leff , 





i dv’. 
olp X y Qi) olp 


Replacing (9.125a) and (9.125b) in (9.124) results in [54] 


W(— Qi) Mest 
x — W fy QDs dv’ 





s = 





In order to evaluate 0 uett/9 Ip, we notice that 


O Leff nr? Ò Leff DE, ERES OE, 
dp OE, Oly OID’ 





where 





1 A ð Leff 
eem DE 
x 


From (9.120), we have 


Ip 
OE 





where [Lait is the differential mobility defined by (9.3) and which can be written as 


Averitt — UMerrEx) 
dE, dE, 





Laitt = 


= —W(— Qi) (Mert + Mig Ex) = —W(— Qi) mate, 


= Metf + hgh 


(9.122) 


(9.123) 


(9.124) 


(9.125a) 


(9.125b) 


(9.126) 


(9.127) 


(9.128) 


(9.129) 


(9.130) 
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Hence 

Ò le if 

eS i ar (9.131) 

Wp  —W(—Qi)Hhaitt 

Replacing (9.131) in (9.126) finally results in [54] 
W(— iJMe: 
G, = a (9.132) 
X+ Sys an W 


Conductance Gq corresponds to the source transconductance of transistor M and is defined 
as 


dlp 


Ga = Gm2 = —-—. 9.133 
d 2 Jy ( ) 


with the current Jp defined as 





Ip = 


VbDeff 
f (—Qi) Metre dV’, (9.134) 
V 


Left — X 


where saturation at the drain and CLM were accounted for by defining Lee and Vpeff as 





L for Vp < VDsat 
Lee = (9.135) 
L— AL for Vp > Vpsat, 
where AL is the channel reduction due CLM, and 
Vp for Vp < Vp sat 
VDeft = (9.136) 
Vp sat for Vp = Vp sat- 
Conductance Gq is then obtained in a similar way than G, leading to 
W(— iJ Me: 
me = n -. (9.137) 
(Le — x) + fy rere 


The channel conductance Gep at a position x is then easily obtained from (9.116), (9.132), 
and (9.137) as [54] 


W(— Qi) Mert 
Ler + fyest Hat dv’ 


Haiff 





Go = (9.138) 


The channel slice resistance AR can be calculated in a similar way than Gg, but integrating 
from x to x + Ax instead of L (or Leg in saturation). After noticing that the voltage drop 
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between x and x + Ax is simply equal to AV = — E, Ax, we get [54] 








1 W(—Qi)Me W(— Qi) Mai 
1 -AG= ( Qiu f ( Qi)haite (9.139) 
AR Ax — ete E, Ax Ax 

Hait ~ 


Here, we would like to point out that in case of a long-channel MOS transistor, [egg is 
independent of the electric field E, and hence u/pp = 0. Conductance Gen and resistance AR 
then reduce to 





W W(— iJMe: 
ENE E A Sole (9.140a) 
Leff Leff 
A 
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which correspond to the expressions (6.9) and (6.10), respectively, which were derived in 
Section 6.1 for the thermal noise of a long-channel device. 

Calculation of the current noise source between x and x + Ax is a difficult task. This 
is because, in presence of an electric field, the segment is no longer in equilibrium and in 
nonequilibrium, the Einstein relation is no longer valid. The method to model device noise in 
nonequilibrium is to assume that even in nonequilibrium an Einstein-like relation holds between 
the mobility and the diffusivity D, (of electrons). One needs to be careful with definitions 
when making this transition because it often acts as a source of error. The procedure is to 
define [118-121] 


__ kTh Maite 
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where T, is defined as the noise temperature. Since D, is unknown in nonequilibrium, this 
relationship in general provides nothing new but a definition of Ta. Note that in most of the 
cases the noise temperature T, is different from the carrier temperature Te [118]. 

It is shown in [118] that T, becomes equal to Tc when the velocity distribution is heated 
Maxwellian. It is to be noted that we are considering the inversion layer of the MOS transistor 
where the carrier density is in the order of 10!8 cm~? and that kind of carrier concentration 
thermalize the distribution function and enforces it to be heated Maxwellian (we are assuming 
the channel to be nondegenerate) [122—124]. This observation provides a great simplification 
by expressing diffusivity D, in terms of known quantities. It allows to write the expression of 
S72 as [54, 119] 
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where the expression of AG given by (9.139) has been used. 
It is important to point out that many publications about numerical noise simulation [125- 
127] as well as [128] use the cord mobility jeg instead of the differential mobility (aig when 
replacing the diffusivity. Ref. [128] has also made an additional assumption that the decrease in 
cord mobility is exactly balanced by the increase in temperature leaving the diffusivity about 
constant. Device simulations made for a typical 0.18 um N-channel MOS transistor show 
that the product of the cord mobility times the carrier temperature is actually not constant 
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but increases monotonically from source to drain [54]. This indicates that the increase in 
temperature is not fully compensated by the decrease in cord mobility. 

In order to define a noise conductance, (9.142) can be written as 


Te 
Ss = 4k, £ AG, (9.143) 
n TL 


where T, is the lattice temperature. The PSD of the drain current fluctuations due to êZ, is then 
given by 


T 
Ssg = ART. FG AR. (9.144) 


Replacing Gen by (9.138) and AR by the inverse of (9.139) results in [54] 
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The PSD of the total noise current fluctuation at the drain S4 rz can be derived by integrating 
the PSD due to an elementary contribution S;;2 at position x over the channel assuming that 
the contribution of each slice at different positions along the channel remains uncorrelated. 
This leads to [54] 
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Sap = 4kTLM (—Q;) dx, (9.147) 


which can be written as 
Sap = 4kT.Gy, (9.148) 


and where Gyp is the thermal noise conductance at the drain given by 
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(— Qj) dx. (9.149) 


Equation (9.149) is very general and does not depend on a particular velocity-field (or 
mobility-field) model. Nevertheless, the relation between the carrier temperature Tc and the 
lattice temperature T, has to be consistent with the field-dependent mobility model. It can be 
shown that the third velocity-field model (Model 3), which is also used for deriving the channel 
length reduction AL in Section 9.2, actually arises as an approximation of [122, 123, 129] 
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which gives the relation between carrier temperature and mobility as 








(9.151) 
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Using that same mobility-field relation (9.15), we can deduce the following relations: 
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Note that relations (9.152) and (9.153) are valid only for |Ex| < 2E. and can be applied only 
in the nonsaturation region comprised between x and Lege where |E,| reaches 2E. and varitt 
becomes equal to Vsa. Anyway, as was pointed out earlier, the contribution of the VS region 
to the total drain noise is null since in the third velocity-field model, the differential mobility 
is null and therefore, according to (9.139), no noise is produced. 

Introducing (9.152) into (9.146), the M factor then simply reduces to 


1 
M = —————_,,,, (9.154) 
(1- Bee) 
whereas using (9.153) in (9.149), Gap becomes 
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Gap = uo | Hee, Oi) de (9.155) 
eff JO L 


again valid for |E,| < 2E¢, i.e. in the non-saturation region. The effect of mobility reduction 
due to the vertical field has been discussed in Section 8.2 and is modelled by (8.5). Although 
the mobility given by (8.5) is a local mobility and includes q; which depends on the position 
x along the channel, an effective mobility can be approximated by replacing qi in (8.5) by an 
average charge (qs + ga)/2. The mobility uz can then be taken out of the integral in (9.155), 
leading to 
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where (9.151) has been used. 
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Notice that for a long-channel MOS transistor, Mett is independent of the electric field E, and 
equal to the mobility at low longitudinal field eff = u; and hence jz’, = 0 and the differential 
mobility is equal to the cord mobility Maiff = Heft = Uz. The carrier temperature Tc is then 
equal to the lattice temperature T, and the effective length Lege is approximately equal to the 
source-to-drain length L. Factor M is then simply equal to unity and (9.149) and (9.155) then 
simplify to 


W L 
Gnp = nea | [—Qi(x)] dx, (9.157) 


which corresponds to the long-channel expression (6.15) obtained earlier in Section 6.2. 

As shown in (9.150), the effect of VS cannot be considered without the effect of carrier 
heating. On the other hand, the effect of mobility reduction due to the vertical field and CLM 
can be considered separately. This will be done in the next sections. 


9.4.2 Effect of VS and Carrier Heating on Thermal Noise 


In this section we will assume that the effects of mobility reduction due to the vertical field 
and CLM can be neglected and we will concentrate on the combined effect of VS and carrier 
heating. This means that u; = uo and Ler = L. To this purpose we will again use the third 
velocity-field model (Model 3) defined in (9.15) or its normalized form (9.16). 

The drain thermal noise conductance accounting for VS and carrier heating only is given 
by (9.155) with Leg = L and u; = po! 
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where e is the normalized longitudinal field defined by (9.6) and 
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8nD(VS+CH) Can be split into two components gnap(vs) and g8npD(CH): 


&nD(VS+CH) = Snd(vs) + SnD(CH)> (9.161) 


where gnpcvs) accounts for the effects of VS only and is given by 
1 
&nD(VS) = mf qid = Mqı, (9.162) 
0 


1 The fact that only the VS and carrier heating effects are accounted for is indicated by the sign (VS + CH) at the end 
of the subscript. 
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whereas gancn) accounts for the additional effect of carrier heating and is given by 


1 
8np(cH) = M i 
0 


Note that even though the integral in (9.162) is the same expression as obtained for the 
long-channel case, the inversion charge distribution along the channel when VS occurs can 
be quite different from that without VS as in the long-channel case. Therefore gnpvvs) is not 
simply equal to M times the long-channel value of gap as (9.161) might wrongly suggest. 

For va < Vasat, the normalized noise conductances gnpvvs) and gnpcu) can be found by 
operating a change of variable from & to q; using (9.22) and (9.36) with the definitions of the 
normalized velocity v and mobility u given by (9.14) and (9.16) respectively. This results in 
expressions for dqj/d& and e given by 
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where ig is given by (9.47). gnpcvs) then becomes 
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Similarly, gnp(cu) is obtained by replacing in (9.163) e by (9.164b) and dé by dg; given by 
(9.164a), resulting in 
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For va = Vasats 8nD(VS) = SnDsat(vs)> ANd gaD(CH) = SnDsa(cHy Which can be obtained by 
replacing ig and gq in (9.165) and (9.166) by (9.49b) and (9.49a) respectively. 
The corresponding thermal noise parameter can also be split into two components according 
to 





Sapcvs+CH) = Snpcvs) + Snp(CH); (9.167) 


where Sapcvs) = gnpcvs)/9s and SanccHy = gaD(CH)/4s- 
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Similarly, the thermal noise excess factor including both VS and carrier heating in saturation 
is given by 


YaD sat(VS+CH) = YnD sat(VS) + YnD sat(CH)> (9.168) 


where Yop sat(VS) £ EnD sat(VS) / Zmsat and Yap sat(CH) £ EnD sat(CH) / 8m sat with gmsat given by 
(9.70). 

The thermal noise parameter dypvvs) is plotted versus the normalized drain voltage 
va £ Vp / Ur and for vs = 0 in Figure 9.27(a). It clearly shows that for A, > 0, the thermal 
noise conductance and therefore the thermal noise parameter is lower than the long-channel 
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Figure 9.27 (a) Thermal noise parameter ônp(vs) accounting for VS only versus normalized drain 
voltage vg. (b) Thermal noise parameter ônD savs) and noise excess factor Yap savs) in Saturation versus 
normalized pinch-off voltage v, and accounting for VS only 
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value. At first glance, this might be surprising, since there are more inversion charges in the 
channel due to VS at the drain. It can be explained by the fact that the noise at the drain is 
transferred from the local noise sources in the channel to the drain through the square of the 
magnitude of the (trans)conductance, which is proportional to the mobility. Therefore even 
though there are more charges in the channel, they produce less noise at the drain compared 
to the situation where the transistor is biased at Vps = 0, which is taken as the reference for 
the definition of the thermal noise parameter ônp. 

Because the transconductance degrades faster than the noise conductance, the situation is 
different for the noise excess factor accounting for VS Yapsavs). AS opposed to dnp satcvs), 
YnD sat(vs) deteriorates as the product A.g, increases when VS is present. This is illustrated 
in Figure 9.27(b), where ônDsavs) and Yap sacvsy are plotted versus vp for vs = 0 and for 
different A.. For vp = 20 (Vg — Vro = 400mV) and A, = 0.50 (L = 0.1 um), Yap satrvsy 
reaches about 4. 

SnD sat(VS) aNd dnp sat(cH) are plotted in Figure 9.28(a) versus vp and for vs = 0. As already 
mentioned above, the dnp savs) noise parameter in saturation is smaller than the long-channel 
value 2/3 obtained when VS is not present. On the other hand, the term due to carrier heating 
SnD sat(CH) 18 increasing from zero, compensating the reduction of dnp says) SO that the sum 
SnD sat(vS+CH) finally remains slightly above the long-channel value 2/3. 

VoD sat(VS)> YnD sat(CH)> ANd Yap sat(vS+CH) are plotted versus vp and for vs = 0 in Figure 9.28(b). 
On the contrary to dnp sa(vs+cu), the effect of carrier heating does not compensate the effect 
of VS, but it deteriorates Yap savs) even further by increasing it significantly from the value 
without carrier heating. 


9.4.3 Effects of Vertical Field Mobility Reduction and 
Channel Length Modulation 


In addition to VS and carrier heating, the reduction of mobility due to the vertical field and the 
effect of CLM have also to be accounted for. Mobility reduction due to the vertical field will 
affect both yap and ônp only through parameter A, because they are expressed as the ratio of 
conductances. 

The CLM effect is discussed in Section 9.2. The effective channel length used in (9.149) 
can be approximated by 


Ege L- AL, (9.169) 


where AL is given by (9.87a). CLM will affect yap and ônp in different ways. It will affect 
Yap only through parameter àc, but for d,p, in addition to effecting through A,, it will increase 
it by a factor of =e 

Some results from the above model are presented in Figures 9.29 and 9.30 for a typical 
0.18 um MOSFET (with E. = 2 V/um, 6 = 0.3, and £ = 30 nm) with different levels of 
approximation. The noise parameter dnp is plotted versus vg in Figure 9.29(a). When CLM is 
absent, ônp gets saturated for vg > Vasat- CLM causes the noise conductance to increase with 
respect to the drain voltage because the channel length decreases with the drain voltage. Since 
Gaso is defined at Vps = 0, it is not affected by CLM. As a result ônp increases with the drain 
voltage. Note that this increase is much less when the effect of mobility reduction due to the 
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Figure 9.28 (a) Thermal noise excess factors in saturation versus normalized pinch-off voltage vp. 
Snpcvs) accounts for VS only, dap(cuy accounts for carrier heating only, and dyprvs+cuy accounts for both 
VS and carrier heating. (b) Thermal noise excess factors in saturation versus normalized pinch-off 
voltage Up. Yap sat(vs) accounts for VS only, Yap sacHy accounts for carrier heating only, and yap sa(vs+CH) 
accounts for both VS and carrier heating 





vertical field is also considered. Mobility reduction due to vertical field results in a higher value 
of E., hence a smaller value of u in (9.87a) which considerably attenuates the effect of CLM. 

SnD sat is plotted versus vp in Figure 9.29(b) with the same levels of approximation than 
those used in Figure 9.29(a). When both CLM and mobility reduction due to the vertical field 
are absent, dnp sat Slightly increases with vp as already shown in Figure 9.27(b). Even when 
CLM or mobility reduction due to the vertical field is taken into account separately, dyp sat Still 
increases with vp. It is the combination of both effects which causes dnp sat to decrease with 
Up. This behavior and the values obtained in Figure 9.27(b) are in agreement with the earlier 
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Figure 9.29 (a) Thermal noise parameter 5,p versus normalized drain voltage vg. (b) Thermal noise 
parameter dyp sat in saturation versus normalized pinch-off voltage vp. The square and circle symbols 
represent measurements taken from [130] and [117] respectively. Curve labeled no VMR, no CLM 
accounts for VS and carrier heating only. Curve labeled with VMR, no CLM accounts for VS, carrier 
heating, and mobility reduction due to the vertical field. Curve labeled no VMR, with CLM accounts 
for VS, carrier heating, and CLM. Curve labeled with VMR, with CLM accounts for all four effects, 
namely VS, carrier heating, mobility reduction due to the vertical field, and CLM 


results obtained by Scholten [130] and Chen [117] which are represented by the symbols in 
Figure 9.27(b). 

Finally, Yap sat is plotted versus vp in Figure 9.30 again with the same approximations as 
above. The plots indicate that the effect of vertical field greatly modifies Yap sat. From the high 
values obtained earlier when including VS and carrier heating, the effect of mobility reduction 
due to the vertical field brings yppsat back to values close to 2. This can be explained by 
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Figure 9.30 Thermal noise excess factor Yap sat in saturation versus normalized pinch-off voltage 
vp. Curve labeled no VMR, no CLM accounts for VS and carrier heating only. Curve labeled with 
VMR, no CLM accounts for VS, carrier heating, and mobility reduction due to the vertical field. 
Curve labeled no VMR, with CLM accounts for VS, carrier heating, and CLM. Curve labeled with 
VMR, with CLM accounts for all four effects, namely VS, carrier heating, mobility reduction due to 
the vertical field, and CLM 


considering that Yap sat decreases as the product A.q, decreases and vertical mobility reduction 
directly reduces àc. CLM only slightly increases yap sat to a value of about 2.5. 


9.4.4 Summary 


If only the VS effect is considered, then the noise conductance Gpp becomes smaller compared 
to the long-channel value. The reason is that the higher noise due to the increase of the inversion 
charge in the channel required to sustain the drain current with a reduced or even limited velocity 
is strongly attenuated by the reduction of the transfer function from the local noise source in 
the channel to the drain terminal caused by the mobility degradation due to VS. Since Gago is 
not affected by this mobility reduction, the noise parameter ônp also gets reduced. However, 
the gate transconductance is strongly affected by VS and hence the resulting Yap sat increases 
above unity. 

VS cannot be considered without carrier heating. The latter has an opposite effect than VS 
on both 6,p and ynp, overcompensating the reduction observed in dnp sat and further increasing 
YaD sat- For channel length of the order of 0.1 um, dap sat approximately goes back to values 
slightly larger than the long-channel value 2/3, whereas Yap sat can become larger than 1, 
typically equal to about 8—10 for an overdrive voltage Vg — Vro of about 0.5 V. 

Mobility degradation due to the vertical field causes both Gap and dyp to decrease slightly 
because it affects them only through the à. parameter. But it affects Yap sat very strongly because 
of the increase in A.g,, bringing it back to values close to 2. CLM tends to increase all the noise 
parameters, especially at higher drain (or lower gate) voltages. In summary, the effect of VS 
and carrier heating try to partly balance each other and also the effect of mobility degradation 
due to the vertical field and CLM show opposite trends. 
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We can conclude from the above discussion that because of the presence of counteracting 
effects, it was possible in the past to present compact thermal noise models without accounting 
for all the effects simultaneously and accurately. As the above factors affect yap and dyp 
differently, it is therefore very important to distinguish between the thermal noise parameter 
dnp and the thermal noise excess factor yap. This careful definition of dyp and yap might 
eventually explain the discrepancies observed between values measured by Scholten [130] and 
Abidi [131]. 


10 The Extrinsic Model 








The previous chapters were exclusively devoted to the analysis of the intrinsic part of the 
transistor, defined as the region comprised between the oxide and substrate on top and bottom, 
and the source and drain junctions on each side. Although the fundamental behavior is indeed 
dictated by the intrinsic part, the extrinsic part also plays an increasingly important role when 
either reducing the dimensions and/or increasing the operating frequency. This chapter looks at 
the different components that constitute this extrinsic part. It starts with the access resistances, 
which include the source and drain resistances as well as the gate and bulk resistances. They 
are all presented in Section 10.2. The regions beyond each end of the intrinsic channel include 
the important overlap capacitances and part of the source and drain access resistances. They 
are discussed in Section 10.3 with a particular emphasis on their bias dependence. The source 
and drain junctions are presented in Section 10.4. Finally, Section 10.5 presents the additional 
noise due to the extrinsic components. 


10.1 EXTRINSIC PART OF THE DEVICE 


Most of the previous chapters were focused on the so-called intrinsic part of the MOS transistor. 
It is defined by the inside part of the dashed rectangle shown in Figure 10.1 delimited by the 
source and drain junctions on each side, by the gate oxide and gate electrode on the top 
and by the substrate on the bottom. This is obviously the most important part of the MOS 
transistor, since it represents the active part of the device offering the transconductance and 
enabling amplification. To access the source and drain intrinsic terminals (nodes si and di in 
Figure 10.1(a)) requires the source and drain extensions (SDE), as well as the source and drain 
diffusions which are covered with a silicide and contacted by a via. All these parts add some 
parasitic access resistances which are modeled by the source and drain resistances Rs and Rp. 
The latter are made of several parts that will be further discussed in Section 10.2.1. The gate is 
made of polysilicon which is usually covered by silicide in order to lower the gate resistance. 
Although this resistance is small (in the order of a few (2/L)), it might be important to account 
for it particularly for RF IC design, where even small series resistances can count. The access 
to the gate can also be modeled by a simple gate resistance Rg. The modeling of the substrate 
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Figure 10.1 (a) Definition of the extrinsic part of the MOS transistor and the extrinsic components 
including the series access resistances, the overlap parasitic capacitances, and the junction parasitic 
capacitances. (b) Simple equivalent circuit of the extrinsic part corresponding to (a) 


access is a bit more difficult since it strongly depends on the device layout. Modeling it by a 
simple substrate series resistance Rg is usually sufficient in most cases. More accurate models 
used for RF ZC design will be discussed in more details in Section 11.4.2. 

In addition to the four series access resistances Rs, Rp, Rc, and Rg, there are also additional 
parasitic capacitances. The overlap capacitances between gate and source Cgs, and between 
gate and drain Capo are due to the overlap of the gate and gate oxide over the SDE. These 
overlap arise after forming the SDE, by lateral diffusion of the SDE dopants under the gate. 
These overlap capacitances are made of several parts some of which are bias dependent and 
will be discussed further in Section 10.3.1. There is also a gate-to-bulk overlap capacitance 
Cogpo Which is due to the extension of the gate electrode above the field oxide and on top of 
the substrate. 

In addition, the source and drain junctions and their extensions are modeled by the diodes 
Ds between the bulk and the source and Dp between the bulk and the drain. As explained in 
Section 10.4, in dynamic operation they are modeled by two junction capacitances Cgsj and 
Cpp;. The latter are obviously bias dependent and are also made of several parts. 

Although it is always possible to model the device in great detail taking into account every 
little series resistances and capacitances, this results in an accurate but usually very complex 
equivalent circuit. Furthermore, all the components of this equivalent circuit can most of the 
time not be extracted from experiments in an accurate way, or some not at all. It is therefore 
important to find the right trade-off between the accuracy required by the circuit designers, 
which always depends on the circuit application, and the complexity of the equivalent circuit 
used for the design and the simulations. Also note that most of the parasitic components are 
distributed resistances and capacitances, which are then modeled by lumped elements. The 
equivalent circuit shown in Figure 10.1(b) modeling the extrinsic part of the MOS transistor 
is usually accurate enough for most of the circuit design applications. One exception might be 
RF circuits, where an even more elaborate equivalent circuit might be required, particularly 
for the substrate network. This will be discussed further in Chapter 11. 

The next sections will discuss each extrinsic component in more detail, particularly its 
scaling and eventual bias dependence. 
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Figure 10.2 (a) Components of the source and drain access resistances (on the right) and approxima- 
tive current flow (on the left). (b) Contact resistance per unit width versus the diffusion width showing 
that above a certain value Hait, the resistance does not scale as 1/Lsa because most of the current 
flows within the salicide instead of going from the bottom of the salicide to the diffusion 


10.2 ACCESS RESISTANCES 

10.2.1 Source and Drain Resistances 

As shown in Figure 10.2(a), the source and drain access resistances are made of several parts 
including the resistance due to the via Ryia, the resistance of the salicide Rsa, the contact resis- 


tance between the salicide and the junction diffusion Reon, and the resistance of the SDE Rae. 
The source (drain) resistance is then given by the series connection of all these components: 


Rs) = Rae P Reon + Rsal BE Ryia = Rede F Recon- (10.1) 


The SDE and salicide resistances are scaling as 





























sde W sde[l, bá 
sal W sall» 3 


where Lair is the length of the SDE and Lsa is the half width of the salicide region as shown 
in Figure 10.2(a). Ryde and R,ai are the sheet resistances of the SDE and the salicide, 
respectively, which have typical values in the kQ range for Raen and in the Q range for Regain. 
The total via resistance Ryia depends on the number of via per source or drain diffusion with 
a typical resistance of a few Q per via. As can be seen from the above numbers, the total 
resistance is usually dominated by the contact and the SDE resistances. 

Note that the contact resistance Reon per unit of finger width does not scale with the salicide 
length Lsa above a certain minimum value defined as Haif as shown in Figure 10.2(b). This is 
due to the fact that most of the current flows within the salicide instead of going to the diffusion 
because of the latter higher resistivity as illustrated in Figure 10.2(a). Therefore, increasing 
the salicide length above Hgi¢ does not reduce the contact resistance even though the bottom 
contact area between salicide and silicon is increased. 

As shown in Figure 10.3, the SDE resistance Rsde is made of two parts: Rsde-oy, Which is in 
the overlap region below the gate and Rgge-sy which is outside the gate overlap region below 
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Figure 10.3 SDE resistance splits into the bias-independent part Rsde-sp situated below the spacer 
and the bias-dependent part Rsde-ov( Vo, Vscpy) located in the overlap region 


the spacer: 
Rae = Rsde-sp + Rsde-ov( VG, Vso). (10.3) 


As Figure 10.3 illustrates, the resistance Rsde-ov depends on the inversion state of this gate 
overlap region and hence depends on Vg — Vs on the source side and on Vg — Vp on the 
drain side. On the other hand, resistance Rgge-sp can be considered as bias independent. Since 
the gate-to-bulk and drain-to-bulk voltages are usually positive and the source-to-bulk is zero 
or positive, the overlap regions on the source and drain sides are most of the time biased 
in accumulation. Increasing the gate-to-bulk voltage will attract even more electrons on the 
surface and hence reduce the overlap resistances. Note that it is important to account for this 
bias dependence in order to accurately predict the harmonic distortion [132]. 

Since the SDE region length Laif is almost constant, the total source and drain resistances 
Rs and Rp scale only with the finger width and the number of fingers according to 


0.5Rasw( Va, Vso) 
WwW ’ 





Rsm) = Reon + Rsae( Va, Vso) = (10.4) 
where Rasw is the total source and drain resistance per unit width. Rasw is typically in the 
kQ um range. 

The bias dependence of the source and drain access resistances is illustrated in Figure 10.4, 
where the total source and drain access resistance is plotted versus the gate-to-source voltage 
for two different oxide thicknesses [133]. 

Because of the voltage drop across the source and drain series resistances, the voltages at the 
intrinsic nodes are smaller than the applied external voltages. Since the current is determined 
by the intrinsic voltages, the transconductances from the external terminals are smaller than 
the intrinsic transconductances. This can be easily verified using the small-signal equivalent 
circuit shown in Figure 10.5. The effective transconductances are given by 








al Gm 
Guir & => = = (10.5a) 
3 Va Vs, Vp D 
al GREGA 
Gret = 2 Cams Fs (10.5b) 
a Vs Vo. Vp D 
al Gir FGk 
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Figure 10.4 Bias dependence of the source and drain resistance (Reproduced by permission of IEEE 
from [133]) 





Figure 10.5 Small-signal schematic for calculating the degradation of transconductance due to the 
source and drain resistances 


where 


D 4 1 + (Gins F Gas) Rs + (Gma + Gas)Rp (10.6) 
X 1 + Gms Rs (in saturation). 


As indicated by (10.5), the intrinsic transconductances are reduced by this factor D which is 


approximately equal to 1 + Gms Rs in saturation. 
Similar considerations can be drawn for the drain current which is lowered by the presence 


of the source and drain series resistances. 


10.2.2 The Gate Resistance 


The gate resistance starts to play a role typically when it gets equal or larger than the inverse of 
the gate transconductance. It will not only affect the transistor operation at high frequency, but 
can also have an effect at low frequency. Indeed, Rg becoming larger than 1/ Gm will contribute 
to noise at both low and high frequency, and will also change the frequency behavior at high 
frequency. It is therefore important to account for it when designing very low-noise circuits 
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Figure 10.6 Layout of a typical large multifinger device 


operating at low frequency, for example sensors front-ends, and at high frequency when 
designing for example low-noise amplifiers. The transistors used in such circuits are usually 
made very large and are laid out as multifinger devices as shown in Figure 10.6 for a number of 
fingers Ns = 4. The gate resistance is made of several parts: the resistance RGtop corresponding 
to the part that is on top of the channel (in darker gray in Figure 10.6), resistance Rgext corre- 
sponding to the part that is outside the channel region (in lighter gray in Figure 10.6), resistance 
Revia Corresponding to the vias between metal 1 and the silicided polysilicon and resistance 
RGcon Corresponding to the contact resistance between the silicide and the polysilicon [134]: 


Ro = RGtop + Roext + Ravia + Recon: (10.7) 
The part of the gate resistance that is on top and across of the channel RGtop is modeled by 


1 We 
3 Ne Le 








Rotop = Roo; (10.8) 














where Roo is the gate silicide sheet resistance, Wç is the finger length (corresponding 
to the channel width of a single finger) and Lẹ is the finger width corresponding to the 
drawn gate length. The factor 1/3 appearing in (10.8) accounts for the distributed nature 
Of Retop as illustrated in Figure 10.7 in order to correctly predict the maximum oscillation 
frequency [135]. Note that the distributed gate resistance along the channel can be neglected 
since the finger is usually much longer than wide (W; >> Lẹ). 
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Figure 10.7 Distributed gate and channel resistances 
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The resistance of the part outside the channel region Rgext depends very much on the geom- 
etry and where the gate contacts are placed. In case the gate is contacted along the vertical metal 
line as shown in Figure 10.6, RGext is simply given by 


Wert 
Nr Le 








RGext = Roo. (10.9) 











The via resistance Ravia depends on the number of via Nyia according to 


Ryia 
RGvia = —, 10.10 
G N ( ) 


via 


where Ryia is the resistance of a single via. 
The silicide-to-polysilicon contact resistance is defined by 


Pcon 


—, (10.11) 
Ne We Le 


RGcon = 


where 1//con is the silicide-to-polysilicon specific conductance (in A/V m7). 
Note that the total gate resistance given by (10.7) can be significantly decreased by connect- 
ing the gate on both sides. As shown in Figure 10.8, if the gate resistance is contacted only on 
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(b) 


Figure 10.8 (a) Different parts of the gate resistance; (b) contacting the gate at both ends decreases 
the gate resistance by approximately a factor 4 
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one side, the total gate resistance is given by (10.7). On the other hand, if the gate is contacted 
on both sides and the metal is assumed to have a negligible resistance compared to the other 
components, we have 


RGtop RGext Ravia 
Ro SŠ Recon; 10.12 
G g toa a Tho ( ) 





which is about four times smaller than the one side contact case corresponding to (10.7). If the 
layout constraints allow, it is therefore recommended to contact the gate on both sides in order 
to minimize the gate resistance for the given geometry. 

In technologies typically older than 0.18 um, the gate current could be completely neglected. 
Hence, the dc voltage drop across the gate resistance could also be neglected and therefore 
the gate resistance had no effect on the dc transistor operation. This is no longer the case for 
ultradeep submicron technologies, where the gate oxide is so thin that a dc tunneling current 
starts to flow through this oxide. In this case, there is also a small voltage drop across the gate 
resistance that can also affect the dc operation of the transistor. 


10.3 OVERLAP REGIONS 
10.3.1 Overlap Capacitances 


The different capacitances forming the extrinsic gate-to-source and gate-to-drain parasitic 
capacitances are shown in Figure 10.9. They are made mainly of three capacitances: the overlap 
capacitance Coy, the inner fringing-field capacitance Cif, and the outer fringing-field capaci- 
tance Cof 


Cesw)o = Cov(Ve; Vso) + Cit( Va, Vs) + Cot- (10.13) 


Note that Coy(Vc, Vs py) and Cit(Vo, Vs,p)) are strongly bias dependent, whereas Cof can 
be considered as bias independent. 

A simple way to model the bias-dependent overlap capacitance Coy is to define an effective 
overlap length Lov-eff corresponding to the part of the total overlap length Lo that is constituting 
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Figure 10.9 Different parts of the total overlap capacitances: the inner fringing-field capacitance 
Cig, the overlap capacitance Coy, and the outer fringing-field capacitance Cor. Note that there is also a 
fringing-field capacitance Cy between the gate electrode and the via 
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VG << VFB(SDE) Va < VFB(SDE) VG > VFB(SDE) 

SDE in inversion SDE in depletion SDE in accumulation 
Lov-etf << Lov Lov-ett < Lov Lov-ett = Lov 

Cov << Cov-max Cov < Cov-max Cov = Cov-max 
Cit << Cit-max Cit = Cit-max Cit << Cit-max 


(a) (b) (c) 


Figure 10.10 Bias dependence of Cis and Coy when the SDE is (a) in inversion, (b) in depletion, and 
(c) in accumulation 


the bottom plate of Co, as shown in Figure 10.10 [56]: 
Cov(Va) £ W Lov-eft(Va)Cox- (10.14) 


Depending on the gate voltage, the overlap region can be either in accumulation when the 
gate voltage is larger than the flat-band voltage of the SDE region Vpg(spe) (which is close 
to zero volt [56]) (Figure. 10.10(c)), or in depletion when Vg<Vppspg) (Figure. 10.10(b)), or 
even in inversion when Vg < Vrrspe) (Figure. 10.10(a)). 

As shown in Figure 10.10(c)), the overlap capacitance is maximum in accumulation (Vg > 
Vep(spe)) for which the effective overlap length Lov-eff is about equal to the total overlap length 
Lov: 


Cov(VG > VeB(SDE)) = Cov-max = W Lov Cox. (10.15) 


For Vg < Vegcspg), the overlap capacitance is smaller than Coy-max and can be modeled 
empirically by 


Cov-max for Vg > VFB(SDE) 


Cow = (10.16) 


Cov-anax 
T+ Wal for Vo < VEB(SDE), 


VGov 
where Coy-max 1s given by (10.15) and Vgov is a fitting parameter that can be extracted from 
measurement as explained in [56]. 
The inner fringing-field capacitance is also bias dependent. When the gate voltage is lower 
than the channel flat-band voltage, the device is in accumulation and the layer of free holes in 
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the channel region is electrically disconnected from the nt SDE regions and shields the fringing 
capacitances reducing them to zero. When Vg increases, the device enters the depletion regime 
where Cit reaches its maximum. As Vg increases further, the device enters in strong inversion 
and an inversion layer is formed. The inner fringing-field capacitance is again shielded by the 
inversion layer and decreases down to zero. This behavior is modeled by [56] 





Vo — Vy — p/2\7 
Cit = Cit-max €XP D (10.17) 
3@p/2 
where Cif-max is given by 
Cm EW 1n [14 sa (FS), (10.18) 
30 ox 2: Esi 


where x; is the depth of the SDE (not the junction). 
Finally, the outer fringing-field capacitance can be considered as bias independent and is 
approximated by [56] 





2 Ox to 
Ca = W ÊE In (1 ak ‘en ) (10.19) 
IU 


Ox 


The above model for Cos)o is plotted in Figure 10.11(a) versus Vg for Vp = Vs = 0 and 
for two different values of the SDE region doping Nsae. It shows that the overlap capacitance 
Coy dominates the extrinsic capacitance Cgsp)o- Also note the effect of the inner fringing-field 
component which introduces a little bump in the characteristic. Figure 10.11(b) shows the total 
gate-to-source (gate-to-drain) capacitance including both the intrinsic and extrinsic parts. It 
shows that the extrinsic component dominates in the weak and depletion regions, whereas the 
intrinsic dominates in the moderate and strong inversion regions. 
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Figure 10.11 (a) Effect of the inner fringing-field capacitance given by (10.17) on the total overlap 
capacitance gate voltage bias dependence. (b) Bias dependence of the total gate-to-source (gate-to- 
drain) capacitance for different channel lengths (Reproduced by permission of Elsevier Ltd. from [56]) 
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There is also an overlap capacitance Cago between the gate and the substrate. It is due to 
the gate extending outside the channel, Since it is along the channel, it is proportional to the 
gate length 


Cogo = CGBO Lg, (10.20) 


where CGBO is a capacitance per unit length and Lg is the gate drawn length. 


10.3.2 Overlap Gate Leakage Current 


In addition to the gate leakage current between the gate and the channel region as discussed 
in Section 8.6, the source and drain overlap regions also contribute to the gate leakage current 
and may dominate in some bias conditions [112]. 


10.4 SOURCE AND DRAIN JUNCTIONS 
10.4.1 Source and Drain Diodes Large-Signal Model 


As shown in Figure 10.1, the source and drain junctions are simply modeled by two diodes 
Ds and Dp connected between bulk and source and bulk and drain, respectively. They are 
characterized by the classical current-voltage relation 


-vV 
i =-l, (exw ae = 1) (10.21) 


NUT 


where Vp is the reverse voltage applied across the junction, i.e., VR = Vsg on the source side 
and Vr = Vps on the drain side and J; is given by 


D D, 
LpNaitt LN 


where Dn, Dp and Ly, Lp are the diffusion coefficients and diffusion length of electrons and 
holes, respectively. Mẹ and Naige are the doping concentrations in the P-type substrate and 
in the N-type source and drain junctions, respectively. The ideality factor 7 is ideally equal 
to unity when the current is dominated by the diffusion current and gets larger than 1 when 
accounting for recombination and high injection. In reverse mode, equation (10.21) indicates 
that the current saturates to J; as soon as Vr > 57Ur. But this is without accounting for the 
generation current due to generation of electron-hole pairs in the depletion region. Actually, 
in reverse bias, the current is dominated by this generation current which is given by 


Apnid 
Igen Ss aes , (10.23) 
T, 
8 





where Ap is the diode cross-sectional diode area, Tg is the generation time constant of the 
carrier in the depletion region, and d is the depletion width which depends on the reverse 
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voltage Vp according to 





2ési No + Nai 
peg Ae A TE (10.24) 
q = Nv Näite 


where @g is the built-in potential 


Ny Naite 
———. 


1 


pz = Ur In (10.25) 


In most cases the junctions are N*-P type with Naite >> Np and (10.24) simplifies to 


2€ si 
pa = Vr + De. (10.26) 
q Nb 


The current flowing in the reverse-biased source (drain) junction is then given by 





Isms = Is + Igen (10.27) 


and depends on the bias voltages mainly through the generation current Igen- 

If the reverse bias voltage is increased further, so does the electric field in the depletion 
region until it reaches a critical value Eje corresponding to the avalanche breakdown voltage 
Vor 





FE eg EZ G 2 1 ) (10.28) 
i 2q No Naite- 7 ` 


Equation (10.28) shows that the breakdown voltage decreases when increasing the doping on 
either side of the junction. As shown in Figure 10.12(a), as soon as Vg gets slightly larger than 
Vor, the reverse current starts to increase sharply. 

The small-signal equivalent circuit of the diodes is shown in Figure 10.12(c), where the 
junction capacitances are described in Section 10.4.2 and the differential conductances in 
Section 10.4.3. 


10.4.2 Source and Drain Junction Capacitances 


The source and drain junction capacitances Cgsj and Cgpj of Figure 10.12(c) model the vari- 
ations of the depletion charge due to a change of the depletion width. A junction capacitance 
can be simply modeled as a parallel plate capacitor with silicon as dielectric and separated by 
a distance d 


an =, (10.29) 
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Figure 10.12 Modeling of the source and drain junctions: (a) current-voltage characteristic; (b) 


large-signal model; (c) small-signal equivalent circuit 


where C; is actually a capacitance per unit area. Note that even though (10.29) is usually derived 
assuming an abrupt junction (or step profile), it is actually valid for any doping profile. On the 
other hand, the voltage dependence given in (10.24) assumes abrupt junctions. The junction 
capacitance can be rewritten as 


Cj 
i+ & 


where Cjo is the value of the capacitance (per unit area) at equilibrium (i.e., for Vp = 0) 


Co &, | S84 No Nait ~ [€sid No (10.31) 
j0 203 Ne + Nait 205 ` 


Cj = (10.30) 








Note that the above equation holds only for Vp > —®g, which is usually the case since 
the junction have to be reverse biased in order to maintain the diode leakage current small 
compared to the drain current. 

In real diodes, the doping profile is not abrupt as assumed in the derivation of (10.30). 
For practical diodes the one-half exponent in (10.30) is replaced by the grading coefficient m, 
resulting in the following expression for C; 


C; 
a (10.32) 


Cay" 


where m typically ranges between 0.2 and 0.5. 
Since the doping levels are very different on top and on bottom of the junctions and in the 
SDE regions, the junction capacitances have to be split into several parts: 


Cgspyj = As) Cjbw + (Psi) — Wett) Cisw + W Ciswe. (10.33) 
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where Cjpy refers to the bottom-wall capacitance per unit area, Cjsw to the side-wall capacitance 
per unit length of the perimeter that is on the isolated sides, and Cjswg to the side-wall capacitance 
per unit length of the part of the perimeter that is along the gate and the SDE region. As (Ap) 
is the total source (drain) diffusion area, Ps (Pp) is the total source (drain) diffusion perimeter, 
and W is the total transistor width. 

Note that for devices that are inside a well, an additional junction capacitance Cgp;; between 
the well and the substrate has to be considered. The latter is decomposed into 


Cppj = Aw Cjoww + Pw Cisww, (10.34) 


where Cjpww refers to the bottom-wall capacitance per unit area and Cjsww to the side-wall 
capacitance per unit length of the well. Aw corresponds to the total well area, whereas Py is 
the total well perimeter. 


10.4.3 Source and Drain Junction Conductances 


The source and drain junctions small-signal schematic should be completed with two differen- 
tial conductances Ggsj and Ggp; that are connected in parallel with the junction capacitances 
as shown in Figure 10.12(c). The conductances are obtained by differentiating the expression 
of the leakage current (10.27) resulting in 


Apni No + Nait , ~ Apri 
gamie 
Tg Nb Näite To Np 





Gaswy = (10.35) 


These conductances can often be neglected since they are usually much smaller than the 
intrinsic (trans)conductances and output conductance Ggs. However, they may become non- 
negligible at very low channel current, for which the intrinsic (trans)conductances become 
very small, or if the effect of Gas has been canceled as is the case in a cascode configuration. 


10.5 EXTRINSIC NOISE SOURCES 


The different noise sources appearing at low frequency in a MOS transistor are represented 
in the small-signal schematic of Figure 10.13.! The overall noise is usually dominated by the 
intrinsic part of the device representing the active part and corresponding in Figure 10.13 to the 
noise source [np [114, 134]. It comprises both the flicker and thermal noise due to the channel, 
which were already presented in Sections 6.2 and 6.3. In addition, all the access resistances, 
namely the source and drain resistances Rs and Rp but also the gate and the substrate resistances 
Rg and Rpg are also noisy and contribute to the thermal and to some extend also to the flicker 
noise (see Section 6.3.3). They are represented in Figure 10.13 by the noise current sources 
Tors; Inrp, Inrc, and Jarg respectively. If their contributions to the flicker noise is neglected, 


1 This small-signal equivalent circuit does not include the noise appearing at high frequency. The latter are discussed 
in Chapter 13. 


EXTRINSIC NOISE SOURCES 227 



































Oo H Oo 
si di 
S oe Rs s ha a Ro — D 
WW ( + WW 
Gas 
i Im = Gm [Vigi) — Ubi] 





hes heo Img = Gns [Visi) — Vibi)] 
@ Gas = Gen @ Ima = Gma [Mdi) — Vibi)] 


bi 
+ + 


a z &” 
ls 


Figure 10.13 Low-frequency small-signal equivalent circuit with the main noise sources, including 
the sources coming from the extrinsic part of the transistor 




















they show only thermal noise and have power spectral densities (PSD) given by 


4kT 
Sp. = me (10.36a) 
Se ua (10.36b) 
nRD Rp i 
Sp = a (10.36c) 
nRG Ro z 
Sa sal (10.36d) 
nRB Rg 


The leakage currents Isg and Jpg of the source-to-bulk and drain-to-bulk junctions also con- 
tribute as shot noise. They are represented in Figure 10.13 by the noise current sources Ings 
and Inpp which have PSD given by 


Sp, = 2g Isp, (10.37a) 
Sp, = 24hp, (10.37b) 


where q is the elementary charge. 

As discussed in Section 8.6, in deep submicron technologies the gate oxide is so thin that a 
tunneling current is flowing in the gate. This current is split between the source and the drain, 
giving rise to a current Jgs flowing from the intrinsic gate (gi) to the intrinsic source (si) and 
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another current Jgp flowing from the intrinsic gate (gi) to the intrinsic drain (di). Both of these 
currents show shot noise. They are represented in Figure 10.13 by the noise current sources 
Ings and Jaap having PSD 


Sp, = 2qles, (10.38a) 


Sp_, = 2qlop. (10.38b) 


nG 


The conductances Ggs and Gop in Figure 10.13 represent the small-signal differential con- 
ductances corresponding to these leakage currents. 


Part Ill 
The High-Frequency Model 


The aggressive scaling of CMOS technologies which is going on since more than 25 years has 
allowed to increase the number of transistors per chips and hence extend the functionality and 
in the same time dramatically push the speed performance. Although these tremendous speed 
improvements have been mainly driven by the requirements of VLSI digital chips, they can 
also be exploited for analog RF circuits. Today, ultradeep submicron (UDSM) technologies 
have catched-up or even surpassed the transit frequencies achieved by bipolar transistors. This 
clearly opens the door to full CMOS highly integrated solutions for wireless applications. 
After several years of intensive research that has demonstrated the feasibility of using CMOS 
technologies for RF applications, real products using CMOS also for the RF portion of a chip 
are now emerging. Several examples of single-chip systems, including the radio transceiver 
together with the baseband digital processor and fully integrated in CMOS, are on the market 
today. Nevertheless, the design of RF / Css for real products remains a challenge due to the strong 
constraints on power consumption and noise that leave little margins for the RF IC designer. It is 
therefore crucial to be able to accurately predict the performance of CMOS RF circuits in order 
to improve design efficiency and reduce time-to-market. This requires MOS transistor models 
that are accurate over a wide range of bias, from dc to RF and for a large set of geometries. 
Part III presents an overview of the high-frequency aspects of MOS transistor modeling for 
RF IC design. Chapter 11 presents the equivalent circuit at RF, whereas Chapter 12 focuses 
on the small-signal circuit. RF thermal noise is finally presented in Chapter 13. 





Charge-Based MOS Transistor Modeling: The EKV Model for Low-Power and RF IC Design C. Enz and E. Vittoz 
© 2006 John Wiley & Sons, Ltd. 


11 Equivalent Circuit at RF 








This chapter first presents the structure and layout of a typical RF MOS transistor. It then 
briefly looks at what is really changing when moving to higher frequency. Several figures 
of merit widely used to evaluate and compare different devices and technologies are defined 
in Section 11.3. They include the transit frequency, the maximum frequency of oscillation, 
and the minimum noise figure. Section 11.3.4 points out that the moderate inversion offers a 
good trade-off between the power consumption, the low-voltage operation, the noise, and the 
linearity, all being of major importance for designing RF circuits. Section 11.4 then presents 
the equivalent large-signal circuit valid at RF. It highlights the importance of a correct modeling 
of the substrate. 


11.1 RF MOS TRANSISTOR STRUCTURE AND LAYOUT 


RF MOS transistors are usually designed as large devices in order to achieve the desired 
transconductance required to meet the RF requirements. As shown in Figure 11.1, they are 
usually laid out as multifinger devices, because in deep submicron CMOS processes, the 
maximum finger length (corresponding to the unit transistor width Wẹ) is limited. This is 
due to the so-called “narrow-line effect” increasing the silicided polysilicon sheet resistance 
as the finger width (corresponding to the transistor gate length Ls) decreases due to grain 
boundary problems [136]. Typical devices have up to 10 or more fingers. The total transistor 
effective width is then simply W = NeW. 


11.2 WHAT CHANGES AT RF? 


When increasing the operating frequency for a given transistor, the characteristics such as the 
gain or the transconductance (or more precisely the transadmittance) start to degrade. The 
sources of this degradation must be distinguished between those coming from the intrinsic part 
of the device (the channel region) and those related to the extrinsic part of the transistor (i.e., 
all the parasitic components discussed in Chapter 10). The frequency limit of the intrinsic part 
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232 EQUIVALENT CIRCUIT AT RF 
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Figure 11.1 Layout of a typical RF MOS transistor 


is set by the frequency w,; delimiting QS and NQS operation given by (5.32) which is repeated 
here for convenience 


Wqs = Wspec Qas(4s, qa), (11.1) 


where @spec is defined in (5.33) as spec £ uUr/L? and 2qs(qs, ga) is the normalized QS 
frequency, which is bias dependent according to (5.32). In strong inversion and saturation, 
(5.32) reduces to (5.34) which is repeated below 





15 15 -~ 15 Vp — Vs 
Pis — q; = — = — i 11.2 
esd 5 Vit a a (11.2) 


Ile 


In order not to have any degradations due to NQS operation, the QS frequency wg, has to 
be higher than the operating frequency (typically by a factor 5—7). This condition is achieved 
by increasing S2,, either by choosing a sufficiently high bias for a given channel length or by 
increasing Wspec by reducing the channel length at a given bias or both. Note that, as stated by 
(5.33), the QS frequency at a given operating point is inversely proportional to the square of 
the channel length, as long as there is no velocity saturation. 

The limitations due to the extrinsic part are strongly related to the layout, but in general 
the frequency limitations are mainly due to the extrinsic capacitances and particularly the 
capacitance at the drain, namely the drain-to-bulk junction capacitance Cgpj and the gate-to- 
drain overlap capacitance Cgpo. The latter also affects the signal coupling between the gate 
and the drain. 

Some of the limitations described above are characterized by several figures of merit which 
evaluate the ability of a device to operate at RF. They are discussed in Section 11.3. 


11.3 TRANSISTOR FIGURES OF MERIT 
11.3.1 Transit Frequency 


A very common way to characterize the high-frequency performance of an active device 
is to look at the frequency at which the extrapolated current gain ha, of a small-signal 
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Figure 11.2 Small-signal common-source amplifier as a two-port network 


common-source amplifier stage falls to unity. The current gain 2; of such a two-port shown 
in Figure 11.2 is given by 


I Y Cn jo(Cm+C Gm 
ee =-=- jo(Cm + Cop) ~ Gm (11.3) 
L [y0 Yu joCg jog jo 





where J; corresponds to the small-signal current entering the gate terminal (Port 1) and J, 
corresponding to the small-signal current entering the drain terminal (Port 2). 
Frequency aœ is the unity gain transit frequency given by 





Gm Gu 8m 
= = = Opee ———— 11.4 
WON — ages, ban eee ss 

where Cg; is the total intrinsic capacitance at the gate defined by 
Coi = Cox coi = Casi + Capi + Copi, (11.5) 


where Cox £ WLC ox. According to (5.51a) and (5.52), the total gate capacitance Cgi sim- 
plifies to 


C 
Cai = -h — 1 + casi + Cani), (11.6) 


where casi and cgp; are the normalized intrinsic gate-to-source and gate-to-drain capacitances 
given by (5.50). In strong inversion and saturation, according to (5.53) casi = 2/3 and capi = 0, 
resulting in 


1 
Cai = Cox (1- =): (11.7) 
3n 
Coo is the total overlap capacitance at the gate (see Figure 10.1): 
Coo £ Cox Cao = Caso + Capo + Cogo. (11.8) 


Neglecting the fringing-field components of the gate-to-source and gate-to-drain overlap 
capacitances, they can be approximated by 


Caso = CGDo = W LoyCox. (11.9) 
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Usually Cogo < Caso + Capo and Cg, can be roughly approximated by 


Coo = 2W LovCox. (11.10) 


The transit frequency in strong inversion and saturation is then approximately 





ay Wspec n ( Vp a Vs) 


i aoe 2Lov 
1 3n + Le Ur 


Wt 


(11.11) 





Equation (11.11) shows that œ is actually a fraction of the QS frequency wy; given by 


4 
aa es (11.12) 
gs 151- tae 





For a minimum length device, the overlap length can be a significant fraction of the gate length. 
Assuming for example that Lo,/L¢ = 0.2, n = 1.2, œ is about 3.5 times smaller than gs. 

This transit frequency can be fairly high (typically above 100 GHz) and sometimes cannot 
be measured directly. It can nevertheless be extracted from a lower frequency measurement of 
hy, according to 


w = S{h21} spot; (11.13) 


where pot is a sufficiently low frequency (typically 1 GHz) at which the current gain h21 shows 
a —20 dB/dec slope. An example of measured current gain h2, calculated from the de-embedded 
Y-parameters of an RF N-channel MOS transistor is plotted in Figure 11.3(a) for a specific 
bias. The curve labeled “analytic (full)” corresponds to the gain h2; calculated from (11.3) 
directly with the Y-parameters, whereas curve labeled “analytic (simple)” is obtained from the 
approximation given in (11.3). It shows that the analytic expressions and the simulations are 
very close to the measured results. 

Since Gm and Cg are both bias dependent, f; is also. This is illustrated in Figure 11.4 which 
plots the transit frequency versus the inversion factor for two devices in saturation having 
two different channel lengths and for three different drain bias voltages. Figure 11.4(a) has a 
lin-log scale and clearly indicates that f, reaches a maximum called the peak ft ft-peax. This 
maximum corresponds to the situation where the gate voltage starts to become large enough for 
the transistor to leave saturation and enter in the linear region. When entering the linear region, 
the drain transconductance G pma starts to increase and hence the gate transconductance Gm = 
(Gms — Gma)/n starts to decrease since the source transconductance Gms remains constant. 
Also, the intrinsic gate-to-drain capacitance starts to increase from nearly zero to a value 
close to that of the gate-to-source capacitance. The combined effect of Gm decrease and Copi 
increase results in a sharp f; drop. Note that it is very important to correctly model the bias 
dependence also of the overlap capacitances and particularly Capo to accurately model f; in 
this region. 

Figure 11.5 shows how the peak fy scales with the transistor length. From (11.4), a, is 
proportional to spec Which is inversely proportional to L?. œ should therefore scale as 1/L? 
which is about the case in the regions above 0.25 um. Below that, fi-peak tends to increase slower 
than at the 1/L? rate. This is due to the effect of velocity saturation. Indeed, at high bias and 
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Figure 11.3 Measured, simulated, and analytic results for the current gain h21: (a) for the extraction 
of the transit frequency /; and the unilateral power gain U; (b) for the extraction of the maximum 
frequency of oscillation 


for short-channel devices, the carriers enter velocity saturation. As explained in Section 9.1.3, 
when the carrier velocity is saturated, the transconductance in saturation does not depend on 
the channel length anymore as stated by (9.62). The gate transconductance is then given by 





Gm sat = W Cox sat» (11.14) 
resulting in a transit frequency given by 
Usa 
oO = : (11.15) 





O LA- 


which scales only as 1/L¢. This explains the —1 slope followed by the points that are below 
0.25 um in Figure 11.5. 


236 EQUIVALENT CIRCUIT AT RF 


© O A _ meas. (L= 0.36 um) 
+ @ 4a meas. (L; = 0.56 um) 
— — — sim. (EKV v2.6) 


Ispec=184 WA for Ly = 0.36 um 
Ispec=118 WA for Ly = 0.56 u 


For both devices: 
N; = 10, W; = 12 um 


Transit frequency h (GHz) 





0.01 0.1 1 10 100 1000 
lp / ! spec 
(a) 





100 





74 Ispeq = 184 uA for Ly = 0.36 um 
Ispec=118 HA for Lr = 0.56 um 
For both devices: 
: N;= 10, W; = 12 um 
Weak inv. : Strong inv. 











Transit frequency f; (GHz) 





0.01 0.1 1 10 100 1000 


Ip/ I spec 
(b) 


Figure 11.4 Transit frequency versus inversion factor for two channel lengths and three drain bias 
voltages: (a) lin—log scale [49]; (b) log-log scale [52] (Reproduced by permission of IEEE from [49] 
and [52]) 


Figure 11.5 also shows that sub 0.1 um devices can reach transit frequencies higher than 
100 GHz. 


11.3.2 Maximum Frequency of Oscillation fmax 


The transit frequency is only a very simple and partial way to characterize the ability of a 
device to operate at RF. Another figure of merit that also accounts for the gate resistance 
Rg and the drain-to-bulk capacitance Cap can be defined from the unilateral power gain U 
corresponding to the maximum available gain of a two-port (corresponding to the transducer 
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Figure 11.5 Peak transit frequency versus gate length (Reproduced by permission of IEEE from 
[137]) 


gain with matched source and load impedances, i.e., Yg = Yï and Y; = Y3;,) with its feedback 
transadmittance neutralized (i.e., Yi2 = 0) [138]. The advantage of using the unilateral power 
gain is that it can be defined even if the two-port is unstable in matched condition. The unilateral 
power gain can be expressed from the Y-parameters as [138] 


[Yo1|° 


U= 3 
4(G 11G22 — G12G21) 





(11.16) 


where Gy; £ NR{Yzı} with k,l € {1, 2}. Deriving the Y-parameters from the simple QS small- 
signal model presented in Figure 5.14 leads to 





Gin te e (= (11.17) 


U= = = 
4ARGCo(GpsCg + GmCap)o? 4RoCoCanw? w 


where @max is the frequency at which the extrapolated unilateral gain reaches unity. It is given 


by 
Gm 1 Gin 1 
iis z= we i8) 
2/RGCo(GpsCg + GmCap) 2 \ RoCoCop 2 \ RoCap 


Equation (11.18) shows that the smaller the RgCgp product the higher wmax. Therefore, the 
RoCgp product is sometimes also used as a figure of merit. 

The unilateral power gain is plotted in Figure 11.3(b) versus frequency for the same device 
and bias point used for calculating the current gain and the transit frequency. Unlike the current 
gain, the unilateral power gain shows some resonance after which it decreases faster than 
—20 dB/dec. This higher slope region is not shown in Figure 11.3(b) because the measurements 
were performed only up to 10 GHz. The value of @max extrapolated from the —20 dB/dec slope 
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can therefore be significantly higher than the actual value of w at which U becomes unity. It 
is therefore important to specify how fmax has been obtained from the measured data, either 
by the point at which U is equal to unity if the measurements go at sufficiently high frequency 
or by extrapolation with a —20 dB/dec slope in case fmax cannot be measured directly. Note 
that the latter method is more advantageous and usually preferred since it gives higher (but 
erroneous!) values of fmax- 


11.3.3 Minimum Noise Figure 


Having a sufficiently high ft and fmax and hence a high gain is not the only requirement for 
RE active devices. They should also have as little noise as possible. This feature is measured 
by the noise factor F or noise figure NF £ 10 log F. The noise factor is defined as the ratio 
of the total noise power measured at some point along the amplification chain (usually at the 
output) to the noise produced by the input generator only and measured at that same point. We 
will come back to these definitions in more details in Section 13.1. The noise factor depends 
on the generator admittance and becomes minimum for a particular value of this generator 
admittance. This situation corresponds to noise matching. The minimum value of the noise 
factor F min (Or Minimum noise figure NF pin) represents what the device can ultimately achieve 
in terms of minimum thermal noise contribution and is therefore often used as a figure of merit. 
It is not that easy to find a simple analytical expression for the minimum noise factor of an RF 
MOS transistor that is accurate. Nevertheless, some approximations discussed in more details 
in Section 13.3.2 lead to the following very simple expression 


Fa ae (11.19) 

Wr 
which accounts for all the dominant noise contributions. Equation (11.19) shows that the noise 
factor is a function of frequency and is directly linked to the transit frequency. It actually starts 
to degrade proportionally to frequency when the operating frequency gets higher than the 
transit frequency. This is illustrated in Figure 11.6(a) which plots the available power gain and 





Frequency (GHz) lp | Way (A/um) 
(a) (b) 


Figure 11.6 (a) Minimum noise figure N Fmin and available power gain G, versus frequency at a 
given operating point; (b) minimum noise figure N Fmin versus drain bias current density for three 
different operating frequencies (Reproduced by permission of IEEE from [137]) 
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the minimum noise figure verus frequency for a given operating point. This plot also illustrates 
the fact that the minimum noise figure is obviously minimum when the gain is maximum. 

Since the minimum noise figure depends on the transit frequency, it also depends on the 
bias. Figure 11.6(b) shows the minimum noise figure versus the drain bias current density 
(current per transistor width) for three different operating frequencies. It clearly shows that 
there is an optimum bias point where NF min is minimum. Note that this optimum bias occurs 
about at the same current density for the three different frequencies. 


11.3.4 Moderate and Weak Inversion for RF Circuits 


The high transit frequency of ultradeep submicron (UDSM) CMOS processes can be traded 
with power consumption to implement RF circuits operating in the gigahertz frequency range. 
This can be done by moving the operating point from strong inversion to moderate or even 
weak inversion, in order to spend just the required power to achieve the desired performance. 
There are several advantages to bias the transistor in moderate or weak inversion. The first 
advantage is the increase of the current efficiency (measured by the G_,/Jp ratio) which results 
in a further reduction of the power consumption. Secondly, the decrease of the bias voltages 
results in lower electrical fields within the device. This avoids velocity saturation and hot 
electron effects. Having no velocity saturation results in fy scaling as 1/ L? compared to only 
1/Ls when velocity saturation is present. This means that scaling is more effective for devices 
biased in the weak and moderate inversion region than in strong inversion. Thirdly, having no 
hot electron effects avoids the increase of the noise excess factor. 

Finally, the reduction of the bias voltages better accommodates the use of low supply 
voltages that are imposed by the scaling of UDSM technologies. 

On the other hand, moving toward weak inversion changes the [p — Vg characteristic from 
a quasi-quadratic to an exponential function, which clearly degrades the device linearity. Mod- 
erate inversion therefore represents a good trade-off between power consumption, noise, and 
linearity. 

Part of the power is just used to fight against the extrinsic components such as the overlap 
and junction capacitances. There might be a concern that the time constants in moderate and 
weak inversion might be completely dominated by these extrinsic components and therefore 
counterbalance the advantage of the current efficiency increase. A way to investigate this issue 
is by looking at the total transit time t; defined as tų 4 1/(27f,), which can be decomposed 
into ty Ê t + te, where t = Coi / Gm corresponds to the transit time of the intrinsic part with 
Cg; being the total gate intrinsic capacitance Cg; = Casi + Capi + Copi. The time constant 
ti ultimately represents the lowest time constant the device can achieve for a given operating 
point. The time constant Te corresponds to the additional delay introduced by the extrinsic part 
of the device due to the overlap capacitances and the series resistances: 


Cao 
t= 
Gm 








n—1 
+ Rp Cap + nRs (con + Cop + z Ces). (11.20) 


where Cgo = Caso + Copo + Capo is the total gate overlap capacitance. Usually the con- 
tributions of the source and drain series resistances can be neglected and hence Te = Cgo/ 
Gn. 
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Figure 11.7 Transit frequency versus inversion factor in saturation for two channel lengths and three 
drain bias voltages (Reproduced by permission of Springer from [48]) 


The transit times Ti, Te, and tj are plotted together with the transit frequency ft in Fig- 
ure 11.7(a) versus the inversion factor. The ratio between the extrinsic and the intrinsic transit 
times is plotted in Figure 11.7(b), which shows that extrinsic parasitics account for about 40% 
of the total transit time in strong inversion and about 50% in moderate inversion. This means 
that the ratio of parasitic to intrinsic time constants does not degrade dramatically when mov- 
ing the operating point from strong to moderate inversion. This is another good reason for 
moderate inversion to be considered for RF operation with deep submicron devices in order to 
meet the low-voltage and low-power requirements. 


11.4 EQUIVALENT CIRCUIT AT RF 
11.4.1 Equivalent Circuit at RF 


A cross section of a single-finger MOS transistor is presented in Figure 11.8(a). Although it is 
always possible to have a detailed equivalent circuit that accounts for all the physical elements 
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Figure 11.8 (a) Single finger RF MOS transistor cross section with box representing the substrate 
network connecting the intrinsic bulk node bi and nodes sb and db to the actual bulk terminal B. (b) 
Equivalent RF circuit with substrate network box 


that are part of the RF MOS transistor, it is often too complex to be implemented as a compact 
model or a subcircuit for circuit simulation purpose. Moreover, many of the component values 
would be difficult or even impossible to extract and the subcircuit would contain too many 
internal nodes which would significantly reduce the simulation efficiency. Like it is often 
the case in modeling, a trade-off has to be found between accuracy and efficiency. A good 
compromise is obtained when simplifying the complete detailed equivalent circuit to the one 
presented in Figure 11.8(b). This equivalent circuit is made of the intrinsic part of the MOS 
transistor, corresponding to the active part of the device and represented in Figure 11.8(b) by the 
MOS transistor symbol. All the other elements are only parasitic components corresponding to 
the extrinsic part of the device. They are made essentially of capacitances and resistances that 
play an increasingly important role as the operating frequency rises. Both the intrinsic model 
and the extrinsic components have already been described in details in previous chapters. The 
substrate network box represents the part of the substrate that connects the intrinsic substrate 
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terminal bi, the bottom terminals of the Dgs and Dpp diodes as well as the bottom terminal 
of the gate-to-bulk overlap capacitance Coso to the actual substrate terminal B. The latter will 
be discussed in more details in the next section. 

Note that the equivalent circuit of Figure 11.8(b) does not include the parasitic components 
related to the test structure, such as the pad capacitances, the lead series resistances, and 
inductances. The latter will have to be carefully de-embedded from the measurements to bring 
the reference planes close to the useful device. For example, all the measurements presented 
afterward have been cautiously de-embedded using a two-step procedure [139, 140]. 


11.4.2 Intradevice Substrate Coupling and Substrate 
Resistive Networks 


At high frequency, the impedances of the junction capacitances become small enough for the 
RF signal at the drains to couple to the nearby source diffusions and to the bulk contact through 
the junction capacitances and the substrate as illustrated in Figure 11.9(a). The doping levels of 
UDSM CMOS processes are sufficiently high so that the substrate can be considered as purely 






































Figure 11.9 (a) Intradevice substrate coupling and equivalent substrate network. (b) Equivalent 
circuit with resistive substrate network [136, 141]. (c) Equivalent circuit with simplified J7 equivalent 
resistive substrate network [48, 49, 52] 
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resistive and hence this coupling can be modeled by a simple resistive network. Depending on 
the technology and on the frequency range to be covered, this network can reduce to a simple 
resistance or may need to be more complex. Many different substrate resistive networks have 
been proposed in the literature. A good compromise is to use the JT resistive circuit made of 
resistances Rspp, Rpsp, Regs, and Rgp as shown in Figure 11.9(b) [141]. Resistances Rspp 
and Rpspg represent all the coupling occurring from drains to sources, whereas Rgs and Rgp 
correspond to the coupling from source and drain to bulk. The partitioning of the total resistance 
Rspp + Rpsp between Rspsg and Rpsp by choosing the location of the intrinsic substrate node 
bi is not straightforward. On the other hand, the total resistance Rspg + Rpsp is usually small 
compared to Rgs and Rgp and simulations have shown that connecting the intrinsic node bi 
either to the left or to the right of these resistances has very little influence on the Y-parameters. 
Therefore, the intrinsic substrate node bi can be connected to the source side, and series 
resistances Rspg and Rpspz can be replaced by a single resistance [48,49,52]. This is done in 
Figure 11.9(c) where only resistance Rpsp has been kept while Rspg has been set to zero. This 
is advantageous for circuit simulation since it simplifies the circuit by saving one component 
and one node, but it makes the circuit slightly unsymmetrical. It is however a good trade-off 
which from experience has shown to be sufficient for most RF circuit simulations [48, 49,52]. 

Figure 11.10 shows the cross sections of multifinger RF MOS transistors where only the 
most important substrate resistances have been drawn. In order to match the equivalent circuit 
shown in Figure 11.9(c), the equivalent capacitances and resistances have to be calculated from 
the individual capacitances and resistances shown in Figure1 1.10. Since all the source (drain) 
diffusions are connected together via metal layers (assumed to have negligible resistances 
compared to the substrate resistances), the junction capacitances Cgsj and Cgp; can reason- 
ably be approximated as the parallel connection of all individual source and drain junction 
capacitances: 


Ns 

CBsj = XC Cesi (11.21a) 
k=1 
Na 

Cppj = S Capi. (11.21b) 
k=1 


where N, and N4 are the number of source and drain diffusions, respectively and Ns = Ns + Na 
is the total number of fingers. The same applies for the substrate drain-to-source, source-to- 
bulk, and respectively drain-to-bulk resistances: 














1 1 
= (11.22a) 
Ross {Zí Rosek 
Lowa 
ae ' (11.22b) 
Rgs Zoi Rask 
fe ae 
oe ahs (11.22c) 
Rep 47 Renk 


By symmetry, all the individual source (drain) junction capacitances are equal to the one 
of a single source (drain) diffusion Cgsjk = Casjt (Capjk = Cppjt). The same is valid for the 
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Figure 11.10 Substrate resistances for (a) even and (b) odd number of fingers 


individual drain-to-source substrate resistances, leading to 





Cpsj = N, CBsjf, (11.23a) 

Cppj = Na CBpnjf, (11.23b) 

Ross = y = RDSB-sh, (11.23c) 
t We 


where Cgsjt and Cgpjr are the junction capacitances of a single source and drain diffusion and 
Rpsp-sh is the drain-to-source substrate sheet resistance. 
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The calculation of the source-to-bulk and drain-to-bulk substrate resistances needs to dis- 
tinguish between even and odd number of fingers as shown in Figure 11.10. For the even 
number of fingers transistor (c.f. Figure 11.10(a)), Rgsı K Rps2 and Rgs4 K Rpgs3 since the 
outer source diffusions are closer to the bulk contact than the inner source diffusions and by 
symmetry Rgs; = Rgs4 and Rgpı = Rsm, resulting in 





sa Aa a e (11.24a) 
= es , 24a 
Rgs  Rpsi Resa Resi 
1 1 1 2 





~ be ~ (11.24b) 
Rsp Rego Repo2 Reni 


for N¢ even. 
For an odd number of fingers (c.f. Figure 11.10(b)), Rgsı K Rps2, Rgpı K Rgp and 
Rgsı = Rgpı, which results in 


Ros & Ryp & Resi (11.25) 


From (11.24) and (11.25), resistances Rgs and Rgp are basically dominated by the source 
(drain) diffusions which are the closest to the substrate contact. Their scaling strongly depends 
on the geometry of the bulk contact. For example, if there are only bulk contacts at each end 
of the device as shown in Figure 11.11(a), Rgs and Rgp are determined mainly by the source 
and drain diffusions that are the closest to the substrate contact, resulting in a scaling with the 
finger width 
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Figure 11.11 (a) Intradevice substrate coupling and equivalent substrate network; (b) equivalent 
circuit with resistive substrate network 
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for N¢ even and 


1 We 





— zx l (11.27a) 
Rgs FBs-end 

1 1 
Z, (11.27b) 
Rsp Regs 


for N¢ odd, where rgs-ena and rgp-ena are the source-to-bulk and drain-to-bulk substrate resis- 
tances for a unit width. 

The scaling law becomes much more complex in the more realistic case where the substrate 
contact partly surrounds the diffusions (“horseshoe” substrate contact of Figure 11.11(b)). In 
this case, part scales with the finger width and part depends on the length of the lateral substrate 
contact which is proportional to the number of fingers 
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for N¢ odd. Fiat is the lateral source-to-bulk and drain-to-bulk substrate resistances per source 
and drain diffusion. 

The substrate resistances Rgs, Rgp, and Rpsp are in principle also bias dependent due to 
changes of the depletion width around the diffusions which affect the length of the resistive 
path. As stated by (11.23c), for a large number of fingers, Rpsg becomes much smaller than 
Rgs and Rpp so that it can be ignored. Resistances Rgs and Rgp can then be considered as 
being connected in parallel and can be replaced by a single substrate resistance Rg as shown 
in Figure 11.12(d). This substrate resistance shows only a weak bias dependence [142]. 

Other substrate networks have been published in the literature [143, 144]. Some of them are 
reproduced in Figure 11.12. Those presented in Figures 11.12(a) and 11.12(b) have already 
been discussed above. The one presented in Figure 11.12(c) [143] was derived for an epitaxial 
process. The two top horizontal resistances model the coupling within the epitaxial layer, 
whereas the three vertical ones model the coupling to the substrate. The last one presented 
in Figure 11.12(d) [144] is valid for RF transistors having many fingers. Indeed, since Rpsg 
scales as 1/N¢, for a large number of fingers Rpsg becomes much smaller than Rgs and Rgp 
and can therefore be neglected. The JI network reduces to a simple resistance corresponding 
to parallel connection of Rgs and Rgp. 
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Figure 11.12 Several resistive substrate networks: (a) from [141], (b) from [49], (c) from [143], and 
(d) from [144] 


11.4.3 Practical Implementation Issues 


The MOS compact models available in circuit simulators such as Spice have four terminals 
but usually do not include the gate resistance and the substrate network. In order to have 
access to the internal nodes of the RF MOS transistor and implement the equivalent circuit of 
Figure 11.9(c) in a Spice simulator, most of the time a subcircuit approach is used. Note that 
not all the extrinsic components that are already available in the compact model (i.e., source 
and drain resistances, overlap capacitances, and junction diodes) can be used. For example, the 
source and drain series resistors in most compact models are only “soft” resistances embedded 
in the expression used to calculate the drain current. They account for the dc voltage drop 
across the source and drain resistances and its effect on the static drain current, but they do 
not add any poles. They have therefore to be added outside of the compact model as “real” 
resistors. Also, the source-to-bulk and drain-to-bulk diodes of the compact model have their 
anodes connected to the same node. Depending on the substrate network, their anodes have to 
be connected to two separate nodes (as shown in Figure 1 1.9(c)). In this case, the diodes internal 
to the compact model have to be turned off (by setting some appropriate values of the diode 
parameters) and two external diodes Dgs and Dgp have to be added in the subcircuit as shown 
in Figure 11.9(c). The overlap capacitances Caso, Capo, and Caso are usually also part of most 
compact models, but not all provide good bias-dependent models. This bias-dependence has 
imperatively to be accounted for in order to obtain a RF MOST model that is valid over a large 
bias range. Note that before even looking at the RF operation it is important to have a good dc 
model, since all the small-signal parameters are derived from it. 


12 The Small-Signal 
Model at RF 








After deriving the large-signal equivalent circuit in the previous chapter, this chapter focuses on 
the small-signal equivalent circuit at RF. The Y-parameters are derived in Section 12.2 directly 
from the quasi-static (QS) RF small-signal circuit. They are then compared with measurements 
highlighting the effect of the substrate network on the output admittance Y . The extension 
of the quasi-static model to include non-quasi-static (NQS) effects is also presented. Finally, 
the large-signal operation is briefly discussed and it is concluded that distortion mainly arises 
from the static Z — V characteristic, the contributions coming from the nonlinearity of the 
bias-dependent capacitances, and access resistances being negligible. 


12.1 THE EQUIVALENT SMALL-SIGNAL CIRCUIT AT RF 


The QS small-signal equivalent circuit including the substrate network corresponding to 
Figure 11.9(c) is shown in Figure 12.1(a) for operation in the linear region and in Fig- 
ure 12.1(b) for saturation. Note that the capacitances include both the intrinsic and extrinsic 
capacitances: 


Cos = Cosi + Caso, (12.1a) 
Cop = Capi + Copo, (12.1b) 
Cos = Copi + Capo, (12.1c) 
Ces = Casi + CBsj, (12.1d) 
Cap = Ceni + Capj, (12.1e) 


where the intrinsic capacitances are given by (5.50a) and (5.5 1a), the overlap capacitances by 
(10.13), and (10.20), and the junction capacitances by (10.33). 
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Figure 12.1 Equivalent RF small-signal circuit: (a) in the linear region; (b) in saturation 


The voltage-controlled current sources (VCCS) are defined by 


Im = Ym [V(gi) — V(bi)], (12.2a) 
Ims = Yms [V (si) — V(bi)], (12.2b) 
Ima Ê Yma [V (di) — V(bi)], (12.2c) 


where V(k) withk € {gi, si, di, bi} stands for the potential at node k. The transadmittances Ym, 
Yms and Ying are given by (5.58), (5.56), and (5.57), which are repeated here for convenience: 


Yn = Gm (1 — jot) = Gm — j © Cm, (12.3a) 
Yms = Gms (d = J WT qs) =$ G ms = jœ Cms, (12.3b) 
Ymd = Gma (1 — j tgs) = Gma — j © Cra (12.30) 


Remember that the gate transadmittance, transconductance, and transcapacitance are related 
to the source and drain transadmittances, transconductances, and transcapacitances according 
to (5.37), (5.9), and (5.59): 


Yims — £md 
| eee (12.4a) 
n 
Gms = Gm 
Ga Sa (12.4b) 
n 
Cms = Cm 
Cypa 3S (12.4c) 
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12.2 Y-PARAMETERS ANALYSIS 


The small-signal behavior of RF MOS transistors at high frequency is validated by measuring 
the S-parameters versus frequency at several operating points of a single transistor connected 
in common source as shown in Figure 12.1 by the dashed line. The S-parameters are usually 
measured directly on wafer using probes connecting the pads. Most often the input and output 
ports are connected by ground-signal-ground or GSG probes. The measured S-parameters 
therefore also include the effect of the RF pads used to connect the device. The effects of 
the pads have then to be de-embedded from the measured S-parameters using either a one-, 
two- or even a three-step procedure [139, 140] in order to move the reference planes from the 
end of the tips to the gate and drain nodes. The measurements shown below used a two-step 
de-embedding procedure which is usually sufficient for measurements up to 10 GHz. The two- 
step de-embedding procedure requires the measurement of the open and short structures. The 
open structure is simply the same as the RF MOS transistor except that the RF MOS transistor 
is taken out leaving the gate and drain open. The short structure is the same but now the RF 
MOS transistor is replaced by a short circuit between the gate and the drain. 

For convenience, the de-embedded S-parameters can then be transformed into Y-parameters 
which are often easier to analyze [138, 145, 146]. The measured Y-parameters can then be 
compared either to the analytical or eventually the simulated Y-parameters corresponding to 
the equivalent circuit shown in Figure 11.9(c). 

The equivalent small-signal circuit in saturation of Figure 12.1(b) will be validated by first 
deriving the corresponding analytical Y-parameters and comparing them to the de-embedded 
measurements. Since the capacitances are all approximately proportional to the total gate width 
W = Ns We and since the source and drain terminal resistances are inversely proportional to W 
(see (10.4)), the time constants due to the terminal resistances depend only on the gate length 
Lpr, the overlap length Lov, or the diffusion width Hair. The latter dimensions are usually taken 
as minimum to achieve the highest cutoff frequency. Therefore the poles due to the terminal 
resistances are at a much higher frequency than typically the transit frequency, so that they can 
be basically neglected when calculating the Y-parameters and the related quantities. Neglecting 
the substrate resistances also in the small-signal circuit of Figure 12.1(b) (i.e., assuming that 
they are zero) allows to derive the following analytical expressions for the Y-parameters in 
saturation: 





oC 
Vie ioia (12.5a) 
1+ j oRGCo 
ge eae eee (12.5b) 
1+ j @RGCa 
Ga~ Ca A: 
Yi & j o(Cop + Cm) (12.5c) 
1+ j @RGCo 


Gas + @ RoCopCm + j (Cop + Cep) 


Yn = 
A 1 + j @RGCa 





(12.5d) 


where it has been assumed that G,Rg « 1 and Gas K Gm. Capacitance Cg is the total ca- 
pacitance at the gate 


Co £ Cas + Cop + Cas, (12.6) 
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which includes both the intrinsic and extrinsic capacitances. Equation (12.5) can be further 
simplified assuming that wRgCg < 1: 


Yi) = w@RoC6 + j oCo, (12.7a) 
Y2 * —w* RgCepCg — j Cop, (12.7b) 
Yo, = Gm — ©’ RGCo(Cap + Cm) — j @(Cap + Cm), (12.7c) 
Yoo = Gas + © Ro(CoCap + CoCap + CapCm) (12.7d) 


+j o(Cpp + Cop). 


One of the advantage of having the simple analytical expressions for the Y-parameters 
given by (12.7) is that they can be used for a direct extraction of the RF model parameters 
from measurements as presented in [147, 148]. For example, Cg can be extracted as 3{Y,;}/@ 
and Cop as |S{¥i2}|/@. Cas can then be extracted as 





Cos = Cg — Cop — Cos = Cg — Cop, (12.8) 


since in strong inversion and in saturation, Cag is usually much smaller than Cgs. The gate 
resistance can be extracted from (12.7) as 
R{Yii} 
G = . 
MY}? 





(12.9) 


The extraction of the capacitances in saturation and of the gate resistance in the linear region 
are illustrated in Figures 12.2(a) and 12.2(b) respectively. The fact that the extracted values 
of the components are constant over frequency indicates that the equivalent circuit and the 
simplified analytical expressions are correct in the frequency range considered. 

The Y-parameters given by (12.7) are plotted in Figure 12.3 (dashed line) and compared 
to the measured values (symbols) obtained from a two-step de-embedding process. As can be 
seen from Figure 12.3, the analytical expressions match the measurements very well even up to 
10 GHz except for Y22. This discrepancy is due to the substrate coupling effect which has been 
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Figure 12.2 Direct extraction of some of the components of the small-signal circuit of Figure 12.1(b): 
(a) gate capacitances Cg, Cap, and Cog + Cas; (b) gate resistance Rg (Reproduced by permission of 
IEEE from [147]) 
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N-channel, N, = 10, w= 12 um, Li = 0.36 um, Vo =1V, Vo =1V, EKV v2.6 
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Figure 12.3 Comparison between the measured, simulated, and analytical Y-parameters versus fre- 
quency [48, 49,52]. The simulated results are obtained from an ac simulation corresponding to the QS 
small-signal circuit presented in Figure 12.1(b), whereas the analytical results are obtained directly 
from (12.7) (Reproduced by permission of IEEE and Springer) 


ignored in the derivation of (12.7). Including the substrate network leads to very complex ex- 
pressions of the Y-parameters that are not easy to use. The substrate network has been included 
in the model used for simulation as described by the complete QS circuit of Figure 11.9(c) 
using the EKV v2.6 compact model for the intrinsic part. Most parameters specific to the RF 
part have been extracted using the methodology presented in [147, 148]. The simulations with 
the complete QS model of Figure 12.1(b) are also presented in Figure 12.3 (straight lines). 
They show a very good match with measurements including the output admittance Y 7. Note 
that the discrepancies in t{Yj2} are not critical since Yı2 is dominated by its imaginary part 
corresponding approximately to wCgp which is about 10 times larger than {t{Y12}. Similar 
results have been obtained for other operating points and other device geometries using the 
same scalable model [48, 49, 52]. 

Figure 12.3 also shows that there may be a big discrepancy in S{Y>,} if the transcapacitance 
Cm is neglected in the expression of Y2; given by (12.7). 

Note that the results of #{Y1;} are particularly sensitive to the de-embedding procedure. Also 
note that accurately modeling the bias dependence of Copo is crucial to fit 3{Y12} at high bias. 

The extraction of the substrate resistances requires a more complicated procedure. After 
having extracted Rg and Rp, they are de-embedded from the Y-parameters, resulting in the 
prime Y-parameters corresponding to the circuit of Figure 12.4(a). The Y}, parameter of Fig- 
ure 12.4(a) is obtained by grounding the intrinsic gate node gi. The resulting circuit can be 
further simplified by assuming that oRsCgs < 1 (i.e., replacing resistance Rs by a short cir- 
cuit) resulting in the circuit of Figure 12.4(b). The Y}, parameter of the circuit of Figure 12.4(b) 
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Figure 12.4 TI substrate network extraction [147, 148]. (a) Small-signal circuit obtained after de- 
embedding of access resistances Rg and Rp. (b) Y22 parameter of the circuit shown in (a) after 
simplification assuming wRsCgs < | (i.e., replacing resistance Rs by a short circuit). (c) Substrate 
admittance Yw obtained after de-embedding of Cop and Gas (Reproduced by permission of IEEE 
from [147]) 
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is then given by 
Y3 = Yous + Gas + j @Cop, (12.10) 


where Yu» corresponds to the admittance of the circuit shown in Figure 12.4(c) which includes 
the substrate network. It can be obtained from the Y}, parameter as 


Ysub = Yoo — Gas — j Cop, (12.11) 
where Gas is extracted from Y3, as 


i Res R (12.12) 
Ga OPN ae | 





since Ysyp = 0 at w = 0. An example of an extraction of Yu» from measured Y-parameters is 
shown in Figure 12.4(d). Resistances Rpsg, Rgs, and Rgp can unfortunately not be extracted 
directly but require some optimization on the circuit shown in Figure 12.4(c). The result of this 
fitting is shown in Figure 12.4(d) with the values of the components of the Y,,, circuit where 
it has been assumed that Rgs = Rsp. 

When nonminimum channel length devices are used (particularly P-channel transistors 
since their mobility is much lower than that of N-channel devices), they might operate in NQS 
regime. This is illustrated by Figure 12.5, showing the measured de-embedded Y-parameters 
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Figure 12.5 Comparison of the Y-parameters versus frequency measured on a nonminimum length 
P-channel device with the results obtained from the simple QS static model (dashed lines) of Fig- 
ure 12.1(b) and from the first-order NQS model (Reproduced by permission of IEEE from [49]) 
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of a P-channel RF MOS transistor having a length of 0.75 um. The Y-parameters of the QS 
model are plotted in Figure 12.5 as dashed lines. A large discrepancy can be observed, par- 
ticularly in the Y}; and Y2; parameters since the device is biased in saturation. As shown 
in Figure 12.5, the fit can already be significantly improved by using a first-order NQS 
model. The latter uses the circuit of Figure 12.7, where the intrinsic transadmittances and 
admittances are replaced by their first-order approximation expressions (5.42) and (5.49), 
respectively. 

A good fit of the Y-parameters over frequency at a particular operating point is not that 
difficult to obtain. On the other hand, having the simulated Y-parameters fit the measurements 
over a wide range of bias at a given frequency is much more difficult to achieve. It not 
only requires an accurate intrinsic compact model but also requires accurate bias-dependent 
models for the extrinsic components. The bias dependence of the equivalent circuit shown in 
Figure 11.9(c) has been checked at a frequency of 1 GHz over a wide bias range by sweeping 
the gate voltage. The measured and simulated Y-parameters are plotted versus the inversion 
factor i in Figure 12.6 for the same device used in Figure 12.3. An excellent fit is obtained over 


N-channel, N, = 10, W, = 12 um, L = 0.36 um, f= 1 GHz, Vo = 0.5, 1, 1.5 V, EKV v2.6 
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Figure 12.6 Comparison between the measured and simulated Y-parameters versus inversion factor 
for Vp = 0.5, 1, 1.5 V [48, 49, 52]. The simulated results are obtained from an ac simulation 
performed for each bias point and corresponding to the QS small-signal circuit presented in Fig- 
ure 12.1(b) (Reproduced by permission of IEEE from [52]) 
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Figure 12.7 Full RF NQS small-signal equivalent circuit in saturation 


more than three decades of currents, which also validates the bias dependence of the intrinsic 
and extrinsic parts. 

The full NQS effects can be included by replacing the intrinsic part by the NQS model 
discussed in Section 5.2 resulting in the circuit shown in Figure 12.7 for operation in satura- 
tion. The admittances Yop, Yes, Yep, Ygs; and Ygp of Figure 12.7 include the intrinsic NQS 
admittances plus the extrinsic components: 


Yop = Yogi + Coso, (12.13a) 
Yos = Yasi + Caso, (12.13b) 
Yop = Yoni + Capo, (12.13c) 
Ygs = Ypsi + CBsj» (12.13d) 
Ysp = Yppi + Cepj. (12.13e) 


The small-signal circuit of Figure 12.1(a) should be completed with the different noise 
sources. This will be done in Chapter 13. The next section will look at the large-signal model 
at RF. 


12.3 THE LARGE-SIGNAL MODEL AT RF 


The small-signal circuit discussed above is useful for the design and simulation of RF blocks 
that operate in small-signal such as low-noise amplifiers (LNA). On the other hand, many other 
RF circuits such as mixers or voltage-controlled oscillators (VCO) often operate in large signal. 
The device nonlinearities are generating harmonic frequency components and intermodulation 
products that have to be accurately predicted. To this purpose, it is important to identify all the 
possible sources of nonlinearity in the device. Looking to the large-signal equivalent circuit of 
Figure 11.9, the intrinsic part is obviously nonlinear, but as discussed in Chapter 10, actually 
all the extrinsic components are nonlinear as well, since they are bias dependent. 
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Figure 12.8 Comparison between the measured and simulated output power of the fundamental, 
second and third harmonics of a common-source RF amplifier at 900 MHz versus the power of the 
input signal at the gate, for a low-bias condition (a) and medium bias condition (b) 


The low-frequency large-signal behavior is mainly captured by the static nonlinear J — V 
characteristics, whereas at RF, the nonlinearities of the capacitances may also contribute. 
The large-signal equivalent circuit given in Figure 11.9 has been evaluated and compared to 
measurements performed at 900 MHz. The simulation have been performed with a harmonic 
balanced simulator on a common-source device. Note that the subcircuit parameters have 
been extracted from dc and Y-parameter measurements and no additional fitting was required. 
Figure 12.8 shows the fundamental, second, and third harmonics versus the input power for 
two different bias points. The match between simulations and measurement is very good for 
both the low and medium bias condition. The main contributor to the nonlinearities remains 
the intrinsic nonlinear J — V characteristic. Indeed keeping all the capacitances (extrinsic and 
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Figure 12.9 Comparison between the measured and simulated output power of the fundamental, 
second and third harmonics of a common-source RF amplifier at 900 MHz versus the bias current for 
two different input signal power and bias conditions (Reproduced by permission of IEEE from [52]) 
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intrinsic) and the access resistances constant does not significantly change the results presented 
in Figure 12.8. 

Figure 12.9 presents the fundamental, second and third harmonics as a function of the bias 
drain current for a given input power and frequency. The match between measurement and 
simulation is again very good. The model even captures the different nulls appearing in the 
second and third harmonics of Figure 12.9. Again, the main nonlinear contribution comes from 
the J — V characteristic, the capacitances and access resistances playing only a secondary role. 

The above measurements evaluated only the equivalent circuit looking at the power spectrum 
without consideration for the phase. More advanced RF nonlinear measurement techniques 
including both amplitude and phase can be performed [149]. 


13 The Noise Model at RF 








The chapter starts with the theory of noisy two-port networks where it is shown that two noise 
sources (for example, a series voltage source and a shunt current source at the input) as well as 
their correlation admittance are required to fully characterize the noisy two-port. The important 
definition of noise figure is introduced and it is shown that this noise figure can be minimized 
by setting the source admittance to an appropriate value. It is shown that the noisy two-port 
can be characterized by a total of four noise parameters, including the minimum noise figure, 
the input-referred noise resistance, and the real and imaginary parts of the optimum source 
admittance that minimize the noise figure. The noise model discussed in the previous chapters 
was exclusively looking at the noise produced at the drain. At high frequency, the capacitive 
coupling between the channel and the gate on one hand and between the channel and bulk on 
the other hand induce noise currents to flow in the gate and bulk terminals in addition to the 
noise produced at the source and drain. A complete non-quasi-static thermal noise model is 
then presented in Section 13.2, where the induced gate and substrate noise and their correlation 
to the drain noise are derived. The chapter ends with the noise analysis of a common-source 
amplifier, deriving the four noise parameters with different levels of approximation. 


13.1 THE HF NOISE PARAMETERS 
13.1.1 The Noisy Two-Port 


The noise at the output of an amplifier arises from the noise generated within the amplifier 
plus the noise already present at the input and amplified by the amplifier. Such a small-signal 
noisy amplifier can be represented by the noisy two-port network shown in Figure 13.1(a). The 
output noise current Jou; includes both the noise coming from the amplifier and the amplified 
input noise. Note that we look at the short-circuited output noise current because we will 
characterize the two-port using the Y-parameters which are defined in short-circuit conditions. 
The noisy two-port of Figure 13.1(a) can be represented by a noiseless two-port to which two 
noise sources have to be added (actually one noise source per port) [145, 146]. Figure 13.1(b) 
shows one possible representation where two current noise sources have been added to the 
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Figure 13.1 Different equivalent representations of a linear noisy two-port [145, 146]. (a) Noisy 
two-port network. (b) Admittance representation of the noisy two-port network with noiseless two-port 
in the middle. (c) Chain matrix representation of the noisy two-port network with noiseless two-port 
in the middle 


noiseless two-port, one at the input port (Zn1) and one at the output port (Jn2). The two-port 
equations are then modified according to 


L = Yu Vit Yn V2 + In (13.1) 

h = Yo) Vi + Yz V2 + Im, l 
where the complex currents and voltages are phasors defined by T42Tei% and V Vei” 
with T and V being the current and voltage amplitudes. The current noise sources J; and [y2 
can be evaluated from the noisy two-port internal noise sources by short-circuiting the input 
and output ports: 


In = hlv =v=0; (13.2a) 
In = hly =vy=0- (13.2b) 


This representation is useful for example for including the induced gate noise and the drain 
noise. Noise current source /,; then represents the induced gate noise, whereas Zn? represents 
the drain noise. 

For the calculation of the noise figure, it is more convenient to refer both noise sources 
directly at the input of the two-port, as shown in Figure 13.1(c), and use the ABCD matrix 
representation: 


Vat Bey. 
i : : (13.3) 
hLh=CVvV-Dh+h, 


where V, is a noise voltage source that represents all the noise of the device referred to the 
input when the source impedance is zero (input short-circuited) and J, is a noise current source 
that represents all the noise of the device referred to the input when the source admittance is 
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zero (input open circuited): 


1 

Va = B hly,=v,=0 = =e 2lv;=v,=0> (13.4a) 
Yu 

Ta = D hlr=v,=0 n hl r=v=0- (13.4b) 


Yo 


V, is calculated using (13.4a) by first evaluating the Y-parameters, calculating the output 
current J) with the input and output in short circuit, and dividing this value by — Y3,. Similarly, 
TI, is calculated by first evaluating the output current J) with the input open and the output in 
short circuit and multiplying this value by — Y11 / Y21. Examples of V, and J, noise sources are 
presented in Section 13.3. 

The two noise sources Vp and J, of Figure 13.1(c) are related to the noise sources 7; and 
Ing of Figure 13.1(b) by 


==. (13.5a) 


h= 


| 
= 
=~ 
È 


(13.5b) 


13.1.2 The Correlation Admittance 


Since both of the noise sources V, and J, (or equivalently /nı and J,2) are due to the same 
physical noise sources within the two-port, they are usually correlated. To account for the 
correlation existing between sources J, and Vp, noise source J, can be written as 


Tn = Inu + Ince = Inu + Ye Vn, (13.6) 


where Jy stands for the uncorrelated part of Jn, and Jnc represents the part of J, that is fully 
correlated to V,. The definition of the correlation admittance Y, is obtained by multiplying 
(13.6) by Vž and averaging. This results in 





VŽ = Im Vë +Y. Val? = Ye |Val?, (13.7) 
“s’” 
=0 


where the first term of the right-hand side of (13.7) is zero since by definition [yy is not 
correlated to V,. Yo is then given by 





a 
ay 





Y= TAP : (13.8) 





The mean-square value of source J, is given by 











nu 


|a]? = Jnl? + [Ye]? [Va]? + Ye Tou Viz + Yo Va Ie 
—_—_—F= ~ 
=e =) (13.9) 





= tale + Yel | Val? : 
L 


na 
Ž| hl? 
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The correlated and uncorrelated parts of 7, can also be written in terms of the correlation 
factor c 





[Foul2 = hl? — [Yol* | Val? = (1 — lel?) Mal, (13.10a) 
[Zncl? = [Ye]? Val? = lel? Wal, (13.10b) 


Ih 5 ‘al? 
ge oy (13.11) 
Ta? Val? al? 


The same relations apply for the power spectral densities (PSD) S, and S; of noise sources 
V, and J, respectively 








with 














Sin = Si — Yel? Sy = (1 — Iel*) Si, (13.12a) 
Sie = Vs? Sy = lel? Si, (13.12b) 
Si = Siu + Sic, (13.12c) 


where Siu and Sic are the parts of PSD S; that are respectively uncorrelated and fully correlated 
to source V,,. It is convenient to treat the noise sources Vp and J, as if they were thermal noise 
sources defined by 


Sy, = 4kT Ry, (13.13a) 
S; = 4kT Gi, (13.13b) 
Siu = 4kT Gin, (13.13c) 
Sic & 4kT Gic. (13.13d) 


The above defined resistance Ry and conductances Gi, Giu, and Gic are then related according 
to (13.12) 


Gin = Gi — |¥el? Ry = (1 — Iel*) Gi, (13.14a) 
Gie = |Yel? Ry = |c}? Gi, (13.14b) 
Gi = Giu + Gic, (13.14c) 


where the correlation factor c is given by 


ype (13.15) 
c= 1 , ` 
Gi 
or its square magnitude 
2 2 2 Ry 
lel =(G. + Be) es (13.16) 


with Ye = Ge + j Be. 
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Note that in general Ry, Gi, Giu, and Gic are frequency dependent since they depend on the 
real physical noise sources within the two-port through the Y-parameters. 

To be fully characterized, the noise of a two-port requires four noise parameters, for example, 
Ry, Giu, Gc, and Be. As will be shown in the next section, all these noise parameters are required 
to evaluate the noise factor. 


13.1.3 The Noise Factor 


The noise factor is defined as the ratio of the total output noise to the output noise due only to 
the noise already present at the two-port input: 


total output noise Na 
- - = 1 + —, (13.17) 
output noise due to input source Ng 





FEA 


where N, is the noise power added by the two-port and N, is the noise power coming from the 
source. To calculate the noise factor of a two-port in terms of the equivalent noise sources Vp 
and J, and their correlation admittance, we first have to evaluate the total noise at the two-port 
output. Since the current noise contribution coming from the source Jp; and that coming from 
V, and J, are amplified the same way, we can just calculate the total noise current Zn tot in 
short-circuit condition at the input of the two-port. With the help of Figure 13.2, the current 
source J tot is given by 


Tn tot = Inrs + In + Ys Vn, (13.18) 


and the mean-square value is 





[In cil? = nrs + I, + Ys Val? = ars? + |In +Y, Val’; (13.19) 


which can be rewritten in terms of correlated and uncorrelated noise as 





[In al” = | Freee * F [Inu + Inc + Ys Val? 
|[Larsl? + [Zou + (Ye + ¥5) Val? (13.20) 
= nsl? + Inal? + [¥e + Yel? [Val?. 





The noise factor is then simply given by 











(13.21) 











Figure 13.2 Total equivalent noise at the input of a noisy two-port 
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The above definition of the noise factor uses power or mean square values and is therefore 
independent of frequency. Another definition uses the above defined PSD instead of the mean- 
square values: 

Sia + [Yo + Ysl? Sy Gin + |Y; + Ys? Ry 
4kTG, Gs 
G; 


i E a E 
G; G, S c S c $ 








(13.22) 





1+ 


where G, and B, are defined by Y, £ G, + JBs. 

Note that the noise factor defined by (13.22) is in general frequency dependent, since Ry, 
Giu, Ye, and Y, can all depend on frequency. For this reason, it is sometimes also called the 
spot noise factor. The two definitions of the noise factor given by (13.21) and (13.22) are about 
equivalent for narrow band systems since 














[Val = Sy B= 4kT R, B, (13.23a) 
[Inl? = Si B = 4kTG; B, (13.23b) 
|u]? = Siu B = 4kT Giu B, (13.23c) 
Incl? = Sic B = 4kT Gie B, (13.23d) 


where B is the system noise bandwidth. 


13.1.4 Minimum Noise Factor 


Once the two-port is characterized by its four noise parameters Ry, Giu, Ge, and Be, the 
noise factor given by (13.22) reaches a minimum value called Finin (or NF min £10 log Fin) 
for a particular value of the source admittance Yop £ Gop + j Bop. The optimum source 
conductance Gop and susceptance Bo» are obtained from the differentiation of (13.22) and 
can be expressed in terms of the four noise parameters according to 








Gin Gi 
Gois E += E — B2 (13.24a) 
Boi Be (13.24b) 


The minimum noise factor Fnin can then be written as 


Giu 
Frin = 1 + 2Ry(Gopt + Ge) = 1 + 2R, ( | are a.) l (13.25) 


The actual noise factor can be written in terms of Fmin, Rv, Gop Bopt and the source 
conductance G, and susceptance B, as 





E E AE E E E T 
F = Foin + G Gs Gopt) + (B; Bopt) ]. (13.26) 
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Equation (13.26) clearly indicates that for the noise factor to reach its minimum value, Finin, 
requires both conditions Gs = Gop and B, = Boy. This situation is called noise matching. 
In the same way the noise factor can be minimized, the power gain can also be maximized 
by setting the source admittance to some appropriate value. The latter situation is called gain 
matching. Unfortunately, most of the time noise matching does not coincide with gain matching. 

Usually the parameters that are available from measurements are the four de-embedded 
noise parameters Fin, Ry, Gopt, and Bopt:! The latter allow to calculate the noise factor for 
any source impedance according to (13.26). 

The four measured noise parameters Finin, Ry, Gopt, and Bopt can also be used to evalu- 
ate the four parameters characterizing the noise sources V, and J, of the noisy two-port of 
Figure 13.1(c) from (13.24a), (13.25), and (13.24b) respectively: 





Gi = [Yop]? Ry = (Gey + Boy) Rvs (13.27a) 
F min _ 2R,G, -1 
G. = mo (13.27b) 
2R, 
By =B: (13.270) 


Note that R, is identical in both sets of parameters. Equations (13.27) allow to go from the 
measured noise parameter to the equivalent noisy two-port representation. 
The correlated and uncorrelated parts of G; can then be calculated as 


Gie = |c} Gi, (13.28a) 
Gi = (1 — Icl*) Gi, (13.28b) 


where the correlation coefficient is given by 


R  GetjBe 
ny aoe ty (13.29) 


Gi \/ Goot + By 





or 


2 G? + B? 


= =. (13.30) 
Gon a Bont 


[c| 


13.2 THE HIGH-FREQUENCY THERMAL NOISE MODEL 


At RF, the flicker noise is not present and the total noise is dominated by the thermal noise com- 
ponent which then sets the fundamental limit to signal resolution. As presented in Section 6.2, 
this channel noise is commonly modeled as a shunt current source between drain and source 
as shown in Figure 6.5. This simple model is not sufficient to predict the noise behavior at 
frequencies that get close or even beyond the channel cutoff frequency. At high frequency, the 


1 Actually most of the time noise measurement systems give the optimum reflection coefficient Topt from which the 
optimum admittance can be calculated using the definition Ip: = (Yo — Yopt)/(Yo + Yopt), where 1/ Yo = 50 2 is the 
characteristic impedance. 
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capacitive coupling existing between the noisy channel and the gate and bulk terminals induce 
additional noise currents to flow through those terminals in addition to the drain-to-source noise 
current [91,150,151]. Also, at higher frequency the channel can be looked at as a nonuniform 
RC transmission line introducing some phase shift to the signals traveling along the channel. 
All this results into a drain noise current that is no longer equal to the source noise current 
as it was assumed at lower frequency in Section 6.2. Since the physical source of thermal 
noise is still due to the channel resistance, the terminal noise currents are obviously corre- 
lated [91, 150, 151]. These additional noise currents and their correlation coefficients strongly 
affect all the four noise parameters [151], namely the input referred noise resistance Ry, the 
optimum source conductance Gop, the optimum source susceptance Bop, but particularly the 
minimum noise figure N F min. It is therefore crucial to correctly model all these additional 
noise currents as well as their related correlation coefficients. 

The downscaling of CMOS technology has resulted in a significant increase of the maximum 
transit frequency ft, reaching or even exceeding 100 GHz for sub 0.1 um technologies [152]. 
For RF applications operating in the gigahertz frequency range, the ratio between the transit 
frequency (or the channel cutoff frequency) and the operating frequency can then be increased 
in order to avoid any non-quasi-static effects. This is usually done at the expense of power 
consumption which has become a very important specification, particularly for portable and 
battery-operated devices. To save power, it is therefore important not to waste any bandwidth 
and therefore to operate with the lowest possible cutoff frequency. Also, the downscaling of 
CMOS technology is combined with a reduction of the supply voltage which results in a 
decrease of the overdrive voltage. For these two reasons, the operating points are therefore 
pushed away from the traditional strong inversion region toward moderate and even weak 
inversion [49, 50,52]. For RF IC design in deep submicron CMOS processes, it therefore 
becomes more and more important to be able to correctly predict the terminal noise currents 
and their correlation coefficients in moderate and weak inversion regimes. 


13.2.1 Generalized High-Frequency Noise Model 


The thermal noise model presented in Section 6.2 is valid only at low frequency, i.e., for fre- 
quencies much lower than the channel cutoff frequency. At higher frequency the capacitive 
coupling between the channel and the gate and bulk terminals has to be accounted for. From 
multiport noise theory, it is known that each port requires its own noise source which can be 
either a voltage or current source. The MOS transistor is a four-terminal device and there- 
fore requires four noise sources as indicated in Figure 13.3. Current noise sources have been 
chosen since all the following derivations are carried out using Y-parameters. As shown in 
Figure 13.3(b), the noisy MOS transistor of Figure 13.3(a) can then be replaced by a noise- 
less transistor and four additional noise current sources Alp, Alns, Alnc, and Al,g having 
PSD S4 Py SA Ry Sa Ry and S4 Py respectively. Since the noise appearing at each terminal 
is generated from the same physical thermal noise source in the channel, the noise current 
sources Alp, Alns, Alnc, and Alp are correlated. This correlation is accounted for by the 
cross-power spectral densities (CPSD) Sar, ATS with k Al € {D, S, G, B}. 

The signs of the terminal currents and the related noise current sources are defined as 
indicated in Figure 13.3. Note that, although one can choose any definition for the signs of 
these currents, it is important to be consistent in order to account for the correct correlations 
existing between them. 
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Figure 13.3 (a) HF noisy MOS transistor with terminal currents including noise fluctuations. 
(b) Equivalent HF noise circuit with noiseless MOS transistor 


The PSD and CPSD are derived in Section 13.2.3 using the approach already described in 
Section 6.1 and applied to the high frequency case in the next section. 


13.2.2 The Two-Transistor Approach at High Frequency 


The procedure to derive the PSD and CPSD is similar to the two-transistor approach used 
in Sections 6.1 and 6.2 to derive the PSD of the thermal noise at the drain at low frequency, 
except that the equivalent small-signal circuit of Figure 6.3(b) has now to be replaced by the 
general non-quasi-static circuit as shown in Figure 13.4.? For long channel, we have shown 
in Section 6.2 that the PSD of the thermal noise voltage source coming from the infinitesimal 
portion of the channel resistance comprised between x and x + Ax is simply proportional to 
the corresponding infinitesimal resistance AR and is given by 


Ax 
W uo(— Qi) 
To simplify the further notation it is convenient to normalize the noise voltage and current 


source PSDs to Sv2, i & 4kT / Gspec and S IBe & AKT Gspec respectively. The normalized noise 
voltage PSD due to the infinitesimal piece of channel AR is then given by 


Ssy2 = AR? S512 = 4kT AR = 4kT (13.31) 


a S8V2 A 
ss (E) © ni = Gepec AR = So 


spec 





(13.32) 


with AE £ Ax/L. 

The effect of noise source ôV, on the different terminal currents is obtained from an anal- 
ysis of the non-quasi-static small-signal equivalent circuit of Figure 13.4(b) observing that 
admittances Yggiı and Ygpi2 have no influence since they are both short-circuited. The transfer 
functions from the local noise source ôV, in the channel to the terminal currents d5/yp, Stns, 


2 Note that here we will be using the Thévenin equivalent noise voltage source instead of the Norton noise current 
source to make the derivation. As explained in Section 6.1 the two approaches are equivalent. 
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Figure 13.4 (a) Single transistor split into two separate transistors to evaluate the noise transadmit- 
tances between channel noise source ôV, and the terminal noise currents. (b) Corresponding non- 
quasi-static small-signal circuit 


dfn, and ông are then given by 


Vote A dInp Yins2(Ymai + Yooii + Yenii) (13.33a) 
acai ÔVa Yat + Yms2 + Yopir + Yepii + Yasiz + Yesio’ 


ôI, Y, Y, Yosi2 + Ypsi 
tugi o mdi (Yms2 + Yasi2 + Ygsi2) l (13.33b) 
ôVa Yai + Yms2 + Yapi + Yapii + Yosi2 + Ygsi2 
a lna _ Yms2Yapil — Ymaı Yasi2 + Yapiı Ygsi2 — Yosi2¥ epi 
ÔVa Ymai + Yms2 + Yapi + Yenii + Yosi2 + Ypsi2 
ôI, Yms2 Yppi1 — Yma1 Ypsi Ypepii YGsi2 — Ypsi2 Yopi 
Ypo, x) & nB _ Žms2řBDil md1 YBsi2 + YBpi1 YGsi2 BSi2 YGDi1 (13.334) 
5Vn Yat + Yms2 + Yooir + Yenii + Yosi2 + Ypsi2 











Ync(@, x) , (13.33c) 





Equations (13.33) can be further simplified remembering the basic relations between the 
bulk-to-drain and gate-to-drain admittances, and the bulk-to-source and gate-to-source admit- 
tances as stated in Section 5.2 by (5.39) which is repeated here for convenience: 


Yepi = (n — 1)Y¥epis, 
Ygsi2 = (n — 1)Yesiz. 
This leads to 
Yms2(Y¥mar + nY¥epi1) 











Yap (w, x) = ; (13.34a) 
j Yndt + Yms2 + n(Yapii + Yasiz) 
Ym Yms Ye i 
Yas(@, x) = dı (Yms2 + n Yasiz) (13.34b) 
Ymai + Yms2 + (epi + Yasiz) 
Yms Y, il Yn Y i 
TEE TE 2Yepit a1 Yosi2 (13.340) 
Ymai + Yms2 + n(Yapii + Yasiz) 
YaB (æ, x) = (n — 1)Vac(@, x). (13.34d) 


From (13.34d) it can be seen that the transadmittance from the noise source ôV, to the bulk 
noise current ôJng is n — | times that to the gate noise current ôJng. This results in a PSD of 
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the induced bulk noise current 5/)g that is (n — 1) that of the induced gate noise current ô Jng: 


Ssg =(n— 1}? Ssp.. (13.35) 


Assuming a constant slope factor n, (13.35) is also valid for the total induced gate and bulk 
currents A Jng and A Jng: 


Sap, =(n— 1}? Sar, (13.36) 


The noise transadmittances in (13.34) can be normalized by introducing the normalization 
conductances of each half transistors Mı and M, defined by [78, 153] 





A W G spec 
G speci = 2nj4o——CoxUr = — (13.37a) 
W Gs 
Gs eC £ 2 —— Cx U: == spoe , 13.37b 
spec2 nuor T= E ( ) 


and the frequency can be normalized using the specific frequency of each half transistors Mı 
and M, defined as [78, 153] 


Ho Ur Wspec 


> 











®specl = a) = E2 > (13.38a) 
A HoUT Dspec 
spec2 — = 3 13.38b 
Over Exe 0 —8P ae) 
with 
U: 
oge E r (13.39) 


being the specific frequency of the full-length transistor. Introducing the above normalizations 
in (13.34) results in [78, 153] 


Ya 
yap(92, £) ê -> 





(13.40a) 


spec 
Yms2(2(1 — E) [yma (2E?) + nyani (REDI 
(1 — &)ymai (2E?) + Eym2(2 A — E) + nl — Eyan (RED) + Eyos2(2 A — EDI 


Yas 
ng(@, E) = 
yas (2, E) Gas 








(13.40b) 


Yma (2E*)Lyms2(@ (1 — EF) + nygsin(@ 0 — £) 
(1 — €) ymai (2E?) + Eym2( 2A — €)*) + ni — E) yoni (RE?) + Eyesin(@(1 — £) 


Ya 
yao (2, £) = 








(13.40c) 


spec 
= Ysa 2(1 = Eyan (2E) — Ymar(PE*Yyasin(@ 1 — £V) 
(1 — E)Yma (RE?) + EYms2(S2(1 — EP) + nll = Eyan (2E?) + Eyasi(@C — £ 


YaB 
an ($2, £) = 
yop (82, E) Ce 








= (n — 1)yng(2, &). (13.40d) 


272 THE NOISE MODEL AT RF 


where 2 £ w/ Wspec is the normalized frequency. The above noise transadmittances are then 
used in the next section to derive the terminal noise current PSD and CPSD. 


13.2.3 Generic PSDs Derivation 


The PSD and CPSD of each noisy terminal currents due to the channel thermal noise voltage 
source ôV, are given by 


Ss (0, x) = [Ynk(@, x)? Ssv2(x), (13.41a) 
Sp tu815(@s xX) = Yok (@, x)¥q(@, x) Ssv (x), (13.41b) 


with k £1 € {D, S, G, B}. 
Integrating these relations from source to drain and assuming that all noise sources in the 
channel are uncorrelated, the following normalized relation can be derived [78, 153]: 





Sar (w) l dé 
sag (2) = —A— = [yne(2, E)? , (13.42a) 
Z Siz, 0 qE) 
Sarar (@) : d 
Saman (2) = ——"— = f Yok(2, E)ya (2, E) E (13.42b) 
Da 0 qE) 
At this point it is useful to introduce the following additional variables [78, 153] 
X 1 R 1 K 1 
XG GEV+ 5, XSdtz Xa=Gat5, (13.43) 


which greatly simplify the evaluation of the integrals in (13.42). Using these intermediate 
variables, integrating the same current in the complete transistor and in transistors Mı and M3 
leads to 


ia= hy Xa WH ER I aH (13.44) 
Finally, the different normalized PSD and CPSD of (13.42) become [78, 153] 


4x 
2x -1 





1 Xs 
OE CE (13.45a) 


Xd 
4x 


2x -1 





1 Xs 
sanan 2) = J Wal, OIR, X) dx, (13.456) 
Xi 


d 


where variable £ used in the expressions of the normalized transadmittances given by (13.40) 
must also be expressed as a function of x using the following relation: 


xL- x 
pe 


E= (13.46) 
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Figure 13.5 (a) Single transistor split into two separate transistors to evaluate the noise transadmit- 
tances between channel noise source 5V, and the terminal noise currents. (b) Corresponding quasi- 
static small-signal circuit 


It is unfortunately not possible to get closed-form algebraic expressions for the integrals 
(13.45a) and (13.45b). However, a simple first-order approximation will be derived in the next 
section. 


13.2.4 First-Order Approximation 


A first-order approximation can be obtained by replacing each transistor Mı and M2 by their 
quasi-static small-signal model as shown in Figure 13.5(b), which clearly illustrates the ca- 
pacitive coupling existing between the channel and the gate and bulk terminals inducing noise 
currents to flow. The small-signal Y-parameters used in (13.34) then reduce to Yna1 = Gmai, 
Yms2 = Gms2, Yepit = j œ Copii, and Yesi2 = j œ Casi2. 

Within the limits of this crude approximation, the PSD of the drain noise current Anp can 
then be calculated using (13.45a) as [78, 153] 


4x2 — 3x, + 4xsxa — 3 4x2 
fl gg e E a (13.47) 
id i 6(Xs + Xa) 





Note first that in this first-order approximation, the PSD of the drain noise current is equal 
to the PSD of the source noise current. Therefore, it can be represented by a single current 
noise source connected between the drain and the source of the noiseless transistor as in the 
low-frequency case shown in Figure 6.5(b). In addition, after replacing x, and xq with their def- 
initions (13.43), it appears that the first-order non-quasi-static drain current noise PSD (13.47) 
is identical to the low-frequency expression given in (6.19) [49,52]. For the drain and 
source noise currents, this first-order model hence reduces to the simple low-frequency case. 

The PSD of the induced gate noise current A Jng can be evaluated from (13.45a) as [78,153] 


S Ai? 
“Ale = GIF 
lox! + 16x4 + 80x xa + 80xsx4 + 168x? xi — 15x; — 15x4 — 75x? Xa — 75XsX4 
540n° (Xs + xa)” ? 








X R? 


(13.48) 
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Figure 13.6 Admittance seen at the gate of the intrinsic transistor 


which is proportional to the square of the frequency. This is simply due to the capacitive 
coupling existing between the channel and the gate. The bias dependence is a little bit more 
complex than the PSD of the drain current noise. As mentioned above, the PSD of the in- 
duced bulk noise current is simply (n — 1)* that of the induced gate noise current given 
by (13.48). 

For Vp = Vs, the transistor is basically a passive resistor’ capacitively coupled to the gate 
and the bulk. Hence, the Nyquist theorem applies and the induced gate noise for Vp = Vs 
should therefore be equal to the noise of the conductance Gg; £ N{YGi} seen at the gate. This 
is no longer strictly true for Vp Æ Vs, but a thermal noise parameter at the gate ông can be 
defined as 


a Gra _ SA, 


bn = j (13.49) 
S Ga gai 
where Gng is the thermal noise conductance at the gate defined by 
Sap, £ AKT Gyg(@) X °. (13.50) 


Similar to the definition of the thermal noise parameter at the drain, 5,g measures the 
deviation of the actual PSD of the induced gate noise current with respect to that of the 
conductance Gagi. With the quasi-static model, Yg; is simply given by 


Yoi = j w Cai = j œ (Cosi + Capi + Cosi), (13.51) 


which has no real component. Therefore a non-quasi-static approach is needed to evaluate the 
real part of Ygi. As shown in Figure 13.6, the gate sees the oxide capacitance in series with 
part of the channel, which is responsible for the real part of Ygj. The Yg; admittance is simply 
equal to the parallel connection of the intrinsic gate-to-source, gate-to-drain, and gate-to-bulk 
admittances: 


Yoi = Yosi + Yapi + Yori. (13.52) 


3 Actually a resistor is always passive, but in this case, the term passive is used to emphasise the fact that for Vp = Vs 
the transistor can be looked at as a passive RC network and the Nyquist and Bode theorems apply. 
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From the first-order non-quasi-static model described in Section 5.2, assuming w Ty, & 1, 
the latter are given by 











~ JoCosi ~n. , Tas 
Yosi = = Cosi (1 — —), 13.53 
GS 1+ jote jæ Casi ( joz) ( a) 
seu jœ Coni PP s Tqs 
Yopi = = Copi (1 — —), 13.53b 
GD T+ jo T/2 jæ Cani ( joz) ( ) 
n—-1 
Yoni = = (j œ Cox — Yasi — Yani), (13.53c) 


where T,; is the channel time constant which is related to the quasi-static frequency wg, defined 
by (5.32) according to 








T qs Wspec 1 1 4q? + 443 + 12qsqa + 10qs + 10qa + 5 


Tspec Ogs Nqs - 30 (qs + qa + 1) Cora 
Notice that Tqs /Tspec does not depend on the transistor geometry, but is bias dependent according 
to (13.54). 2g; corresponds to the limit between the quasi-static and non-quasi-static model. 
This means that for normalized frequencies close or even larger than S2,,, non-quasi-static 
effects have to be accounted for. 
Introducing (13.53) into (13.52) results in 


~ 2 Tas(Casi + Cani) _ .  (n— 1)Cox + Casi + Capi 
+ jo 














YGi =O 7 
n n 
13.55 
2 TqsCox(Ccsi + Covi) |. n — l + Casi + Capi ( ) 
=a Fn + j œ Cox a ; 


where Cox & W Lt Cox = Ne We Lt Cox and cosi and cgp; are the normalized gate-to-source 
and gate-to-drain intrinsic capacitances, which depend on the normalized source and drain 
charge densities according to (5.50): 


Casi _ P qs + 2qa + 3/2 
Cox 3° (qs +qa + 1?’ 
Capi _ 2 ga + 2qs + 3/2 
Cox 3% G@tqat 1 


I> 





CGSi (13.56a) 


(I> 





(13.56b) 


CGDi 


The expression of the gate noise parameter ông will not be detailed here, but it can be 
evaluated from (13.49), (13.48), and (13.55). It is plotted in Figure 13.7(a) versus the inversion 
factor for different values of the i,/i; ratio. As illustrated in Figure 13.7(a), ông remains close 
to unity in all bias conditions since it is kept between | in weak inversion and 4/3 in strong 
inversion and saturation: 


1 in weak inversion 
bnG = (13.57) 


4/3 in strong inversion and saturation. 
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Figure 13.7 (a) Noise factor ông and (b) magnitude of the drain-gate correlation coefficient pgp 
versus the inversion factor iç for different i,/i¢ ratios (from i, = ig to saturation where i, = 0) 


In strong inversion and saturation, capi = 0 and Tg; is given by 


Cui 4 Cox 2 Cosi 
oe = 13.58 
= Ga 15 GG. 5 Gha 1328) 








The real part of the input admittance is then given by 


(@Cosi)? (Cosi)? 5 Gm 2 
Goi = = = Ja 13.59 
ETEA 5Gm 4 n tHe oer 





The gate noise conductance in strong inversion and saturation then simplifies to 


~ (@Cosi)’ 5 Gm 5 Gn 
Galo) = baa = bac 5 — (tas) = 3 (Tas) (13.60) 





since in strong inversion and saturation the gate thermal noise parameter ông = 4/3. 

Equation (13.60) is in accordance with earlier results for strong inversion and saturation 
found for example in [151]. It can be further simplified by replacing Gms by Ggpecgs with 
Gopec = Ispec/ Ur = 2n uo Cox W/LUr, resulting in 


as Whe Ce. 16 WL3@? Cox 
"135 ngs moUr 135 po(Va — Vro —nVs)’ 





(13.61) 


According to (13.61), the induced gate noise in strong inversion and saturation is propor- 
tional to the cube of the gate length and inversely proportional to the overdrive voltage. For 
a given transistor width and for a given overdrive voltage, the induced gate noise quickly 
decreases when reducing the gate length. 

It should be noted here that induced gate noise is actually always present for w > 0. Its 
effect should be compared to the effect of the other noise sources and particularly to the effect 


THE HIGH-FREQUENCY THERMAL NOISE MODEL 277 








Inc 


ip Capit | | Casi2 


Gmd1 Sv | Gms2 ai 
i n o; 


õlnD 


Figure 13.8 Two-transistor model for Vp = Vs used for evaluation of the correlation between the 
induced gate noise current and the drain current noise 


of the dominant drain noise. This comparison can be done only after having accounted for the 
correlation existing between the induced gate noise and the drain noise, which is evaluated 
below. 

The CPSD between the gate and the drain noise currents is obtained from (13.45b) [78,153]: 





~ JQ (Xs — Xa x? + 4XsXa + XD) 


= 13.62 
18n (Xs + xa)? ve 


~ 
SAing Ais, = SAing Aix, 


As expected $j, Aix, iS not null, meaning that the gate noise is partly correlated with the drain 
noise. At frequency low enough for this first-order approximation to be valid, the correlation 
factor pgp, as defined by equation (13.71) below, is independent of the frequency £2. As 
illustrated in Figure 13.7(b), it is always null for Vp = Vs. This can be explained with the help 
of Figure 13.8. The gate current can be expressed in terms of the channel thermal noise voltage 
source as 


õla = Yna ôV, (13.63) 


where the transadmittance Ypg is given by 


s Capit _ Casi2 
GmaiGm2 7 o( Gmnai Cosa ) 


Gmndi + Gms 1+ j @ConitCese ` 
Gmdi +Gms2 





Yang = (13.64) 
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Notice the minus sign in the numerator of (13.64). For Vp = Vs, the channel is uniform from 
source to drain and hence 





Gms 
Gma = (13.65a) 
Gms 
G ms = a a 13.65b 
2= Te ( ) 
Capii = § Capsi, (13.65c) 
Cosiz = (1 — €)Copsi, (13.65d) 


with Gms = Gmat + Gms2 and Capsi = Capii + Casiz. Replacing (13.65) into (13.64) results 
in 


—j wCepsid — 28) 


Yas = - - . 
1+ jos — H& 





(13.66) 


From (13.66), it is interesting to note that Yy,g(0.5) = 0 and Yig( — E£) = — Yng (E), so 
that the sum Yyg(€) + Yag(U — &) is zero. This is simply the result of the source and drain 
full symmetry occurring when the transistor is biased with Vp = Vs. When summing all the 
contributions along the channel to obtain the total induced gate noise current, the contribution 
at € is fully correlated with the one at 1 — & and since the one at the middle of the channel 
is zero, the part of the total induced current that could be correlated with the drain current is 
canceled out, leaving only the noncorrelated part. This explains why the correlation coefficient 
Pcp is zero for Vp = Vs. 

Since §2, Xs, Xa, and n in (13.62) are all real, the first-order approximation of the CPSD 
S Aino Ai*, and the correlation coefficient pgp is purely imaginary, which is simply due to the 
capacitive coupling. It is plotted versus the inversion factor in Figure 13.7(b). In saturation 
Pop is given by* 


= +jV5(2q2 + 69s +3) 
(qs + 3)G2q3 + 114q2 + 132g, + 45) 





PGD (saturation), (13.67) 





which has the following asymptotes: 


+j/ V3 x+ j 0.6 in weak inversion and saturation 
Pap = (13.68) 


+7./5/32 ~ +7 0.4 in strong inversion and saturation. 


Note that (13.68) is in agreement with the early result found for strong inversion by Van der 
Ziel [91] and the more recent result in weak inversion presented in [153]. 


4 Note that with the sign definition of the noise current source A Jng given in Figure 13.3(b) (i.e., current flowing from 
gate to ground), the imaginary part of the correlation coefficient pgp is positive. In reference [151], the current is 
taken positive flowing from source to gate, leading to a negative value of the imaginary part of pgp. 
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Finally, since the PSD of the drain and source noise currents are identical, the CPSD between 


the drain and the source noise currents is equal to the PSD of the drain noise current [78, 153]: 


R ~ 4x2 — 3xXs +4XsXa — 3Xa + 4x3 
S Ain Aix, = Sai2, = 3 
mD 6(Xs + Xa) 





(13.69) 


Although this first-order model is usually sufficient for most circuit design purposes, it is 
interesting to investigate the full non-quasi-static model. This is done in the next section. 


13.2.5 Higher Order Effects 


The behavior at frequencies higher than qs has been explored by numerically integrating 
equations (13.45a) and (13.45b) and using the complete non-quasi-static expressions of the 
transadmittances. 

To get readable results, only the deviation from the first-order behavior described above is 
plotted. A new set of parameters are therefore defined by [78, 153] 


me = saa {saz Tea order) eo) 


with kg = Kg. The three independent coefficients kp, ks, and Kg are plotted in Figure 13.9(a) 
versus the normalized frequency © £ 2/ Nqs» in the linear region and saturation, at different 
levels of inversion. The magnitude and phase of the correlation coefficients defined by 


a SAing Ai*, 
A S S 
32. 72. 
VP Ain, Aig 


are plotted versus © = Q/ Nqs in Figures 13.9(b) and 13.9(c) respectively. The lines represent 
the results obtained from the numerical integration of (13.45a) and (13.45b), whereas the 
symbols correspond to the results obtained from a 16-segment simulation using the approach 
described in [114, 134]. Each segment has been simulated using the intrinsic part of the EKV 
compact model instead of the MOS Model 11 used in [114, 134]. 

It can be seen from the bottom part of Figure 13.9(a) that at high frequency, the induced gate 
noise s4 I becomes smaller than expected from the first-order approximation. It still increases, 


(13.71) 


but only proportionally to V2 instead of 2? (since kg « 273/2). Note that the actual curves 
do not vary with the inversion factor and that even the linear region and saturation behaviors 
are very close to each other. 

The top part of Figure 13.9(a) shows that the drain and source noise PSDs tend to slowly 
increase with frequency, about at a //Q rate. Note that although this frequency behavior might 
seem surprising at a first glance, a similar behavior has already been observed by L.-J. Pu and 
Y. Tsividis in [154]. In the linear region, the curve is again independent of the state of inversion. 
In saturation mode, the behavior is more complex. In the strong inversion region (IC > 1), 
both kp and «s tend toward the linear region curve, whereas in weak inversion (IC < 1), the 
drain noise is kept almost constant while the source noise still increases in a similar fashion as 
the linear region curve. 
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Figure 13.9 High-frequency effects on the noise PSDs and correlation coefficients referred to the first-order model [153]. The lines correspond to the 
result of the numerical integration of (13.45a) and (13.45b). The symbols correspond to the results obtained from a 16-segment simulation using the 
approach described in [114, 134] (Reproduced by permission of IEE from [153]) 
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The magnitude of pgp and pgs are plotted on the top part of Figure 13.9(b). They follow 
a complex pattern that is hardly predictable in saturation, even qualitatively. In the linear 
regime, both correlation coefficients pgp and pgs are null at low frequency, since as explained 
above, the two identical channel portions placed symmetrically relatively to the center point 
contribute to the gate noise with the same magnitude but with an opposite correlation sign. 
At higher frequency, though, the drain and source currents are no longer forced equal. In the 
linear region, both correlation coefficients pgp and pgs remain equal but increase towards 
an asymptotic value of about 0.71. At the same time, the total correlation between the drain 
and source current, plotted in the bottom part of Figure 13.9(b), vanishes to zero since each 
elementary channel section can only contribute to the noise current of the nearby terminal and 
is completely damped before reaching the remote one. 

The phase of the correlation coefficients is plotted in Figure 13.9(c), which shows that the 
low-frequency capacitive correlation of the induced gate noise (i.e., pgp) tends toward a purely 
real value at higher frequency. This phenomenon is related to the additional transconductance 
phase shifts of the non-quasi-static regime, but is rather hard to explain directly. The source— 
drain correlation phase increases quickly when the distributed effects become significant. 

Note that the calculation obtained from (13.45a) and (13.45b) match very well to the results 
obtained from the simulation. 

Finally, Figure 13.10 shows that the mobility reduction due to the vertical field and velocity 
saturation have only a small effect on the HF noise, even in strong inversion (JC = 100). 
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Figure 13.10 Effects induced by the mobility reduction due to the vertical field and velocity saturation 
in strong inversion (IC = 100) on kp, kg, and pgp using the EK V2.6 model parameters THETA and 
UCRIT. The parameter set (THETA = 0 V~!, UCRIT = 1 GV/m), (THETA = 1 V~!, UCRIT = 
1 GV/m), (THETA = 0 V—~!, UCRIT = 5 MV/m) correspond respectively to: no mobility reduction 
and no velocity saturation, mobility reduction without velocity saturation and velocity saturation 
without mobility reduction (Reproduced by permission of IEE from [153]) 
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13.3 HF NOISE PARAMETERS OF A COMMON-SOURCE 
AMPLIFIER 


13.3.1 Simple Equivalent Circuit Including Induced Gate 
Noise and Drain Noise 


Figure 13.11 shows a common-source amplifier and its simplified equivalent small-signal 
circuit, where capacitance Cgs includes both the intrinsic and extrinsic parts (mainly the 
overlap in this case). The latter circuit is made extremely simple in order to allow for hand 
calculation. It is assumed that the transistor is biased in strong inversion and saturation. The 
equivalent circuit of Figure 13.11 includes the drain current noise source Anp and the induced 
gate noise current source Ang having PSDs 








Sar, = 4kT Gop, (13.72a) 
Sap, = 4kT Gro), (13.72b) 

respectively, with 
GD = YoD Gin; (13.73a) 

(wCgs) (wCgs) 
Gna(@) = ôn = Bu ; 13.73b 
clo) G SnG, G G, ( ) 
with 
E a (13.74) 
G Sn I5n i 


since according to (13.57), Ông = 4/3 in strong inversion and saturation. 

We will now calculate the noise parameters Ry, Gi, Ye of the equivalent noisy two-port 
network of Figure 13.11. Remember that the two noise sources Anp and Ang are correlated 
with a correlation coefficient pgp given by (13.68), which is purely imaginary 


pap = +] Cg, (13.75) 


with cg = ./5/32 = 0.4 in strong inversion and saturation. This makes the analysis a bit more 
complicated than if both sources were uncorrelated. 
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Figure 13.11 (a) Common source amplifier, (b) simple HF equivalent circuit including the induced 
gate noise, and (c) equivalent two-port representation 
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We first have to calculate the noise sources V, and /, from their definitions given in (13.4) 
which require the Y-parameters Yı; and Y,, which are easily calculated as 


Yıı = jw Cos, (13.76a) 
Yo = Gm. (13.76b) 


The output current J when the input and output are short-circuited is given by 
blv =v=0 = Alp, (13.77) 


from which we obtain V, as 


Wa.) ia AD 13.78 
ae ee ee (13.78) 





The output current J) when the input is open and the output is short-circuited is 











Gm 
I = Alp — Alg, 13.79 
2| r =v=0 Den ( ) 
from which we get J, as 
Yu Jj œ Cos 
Ty = EA 2 h=Vo=0 = Aag = Alap. (13.80) 
The mean-square value of V, is then given by 
Ahpl? 
Age le (13.81) 





Gin 


whereas the mean-square value of J, is given by 











n EPEE T 5. 
nE = [Ahal + (=) [Ap + 1S Aho Aip — A Ahp). (13.82) 





The mean-square values |^ p|? and | AJyg|? can be expressed in terms of the PSDs S4 P, 
and S4 12, as 


|All? = Sar B = 4kT BGyp, (13.83a) 
|All? = Sap, B = 4kT BG,c(o), (13.83b) 


where (13.72) have been used. 
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For narrow-band systems, the definition of the correlation coefficient given by (13.71) can 
be extended to the mean-square values as 


joe A (13.84) 


Vain Ai y A ATu] 


The mean-square values Al,g A Ii and AI, Alpp can then be expressed in terms of mean- 
square values |^ p|? and |^ Jg]? and the correlation coefficient pgp according to (13.84): 


AlngAlin = Pay |Alnc|*|A hpl? = +jcg4kT By GnaGup, (13.85a) 
Al Ako = pip) Aal Ao = —jcg4kT B Y GdG. (13.85b) 


The noise parameters R, and G; are then given by 





























| Val? Gn 

Ry = ag = a (13.86a) 
la? w Cas 2 2Cgw Cas 

G= =G ( ) Ga V GaGa. 13.86b 
ITB c+ G, D G, GGnp ( ) 


According to (13.8), for calculating Y., we need J, V,* which is given by 























1 /jæCas 
LV = (8 Apl — Ahs Ai ) 13.87 
2 =G_\-G |A hp] GAlip ( ) 
4kTB / j œ Cas O A 
= (2 Gap JCg GaoGan ) , 
Gm Gm 
from which we get 
hV s GnG 
Y, = n Cas — CeGm f 13.88 
vE” [e To cs) D 


From (13.88), we see that G, = 0 and Y, = j Be. 
Introducing the expressions of Gap and Gng given by (13.73) finally results in 








YoD 
R, = 2, 13.89 
5 (13.89a) 
Gsi = (: + fra 2cg te), (13.89b) 
Gm YnD Yad 
Ge = 0, (13.89c) 





B; = w Cos (: ~ cg te), (13.89d) 
YnD 
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The uncorrelated and correlated parts of G; are then obtained using (13.14): 


2 f 





Giu = (w Cos) ho =c >) (13.90a) 








Gie = (Cos) Z2 yap (ita 2 Buc — 2c; fe), (13.90b) 
Gm 2 VD YaD 


From the Ry, Gi, Yo parameters, we can derive the four noise parameters Ry, Gopt, Bop, and 
Fmin as a function of the circuit parameters using (13.24) and (13.25), resulting in 








Gopt = w Cas ho at =c ae (13.91a) 
Bop = — Cos ( SG oa (13.91b) 
Frin = 1+ 20 Cos 2j 
ae 
a neo yan feq (13.91c) 


where the Gm/ Cas ratio has been approximated by the transit frequency @ = Gm/ Cas. Equa- 
tions (13.91) reveal that, due to the induced gate noise, the noise matching condition is slightly 
different than the gain matching condition which would require B, = —w Cas. Also, the min- 
imum noise factor is strongly depending on the induced gate noise through parameters Bac 
and cg. If induced gate noise was ignored (by setting Sng = 0), the minimum noise factor 
would be equal to unity. This surprising result can be explained as follows: if the induced 
gate noise is ignored, there is only the drain noise left and the optimum source conductance 
is null whereas the optimum source susceptance is —w Cas. This noise matching situation 
corresponds to having an inductor with a susceptance value being —w Cas and no internal 
conductance. The input circuit is then an inductance in series with the transistor gate-to-source 
capacitance. This source inductance will then resonate with the input transistor capacitance 
at the operating frequency providing an infinite voltage gain at the input. The input referred 
noise is then nulled, resulting in a unity noise factor. 

Equation (13.91c) indicates that the minimum noise factor increases with frequency for a 
given bias. For a given operating frequency, it can be decreased by increasing the transistor 
transit frequency. This can be achieved by increasing the transistor bias or by reducing the 
transistor length (or both). Technology scaling therefore leads to an improved noise factor at 
a given frequency and bias. 

It is also interesting to note that the correlation between the drain noise and the induced gate 
noise reduces the noise factor compared to the situation where they would be fully uncorrelated. 

Note that the above derivation has used the HF noise model which did not include short- 
channel effects. As shown in Section 9.4, the noise parameter ynn is affected by effects such as 
velocity saturation, carrier heating, mobility degradation due to the vertical field, and channel 
length modulation. The HF noise model developed in Section 13.2 did not include these 
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effects, particularly for the induced gate noise. Now, since the physical noise source for the 
drain and gate noise is the channel, both parameters ypp and Bng (or ông) should be affected 
by these effects in a similar way. Hence, their ratio appearing in (13.91) should not be affected 
in first-order. On the other hand, the yap term appearing in the minimum noise factor of 
(13.91c) should be replaced by the one derived in Section 9.4 to include the short-channel 
effects. 

The noise parameters (13.91) can be further simplified by replacing ypp and Sng by their 
expression valid in strong inversion and saturation leading to 


Gopi Š 0.45 œ Cos, (13.92a) 

AE (13.92b) 

Fan S 1+0.772, (13.920) 
an 


where n = 1.3 has been used. Equations (13.92) give a first-order relation for the noise pa- 
rameters of a common-source amplifier. 

We have seen above that the induced gate noise plays a fundamental role in the noise 
parameters of a common-source amplifier. We have also seen that due to the induced gate 
noise, the minimum noise factor becomes frequency dependent. The noise parameters and 
in particular the minimum noise factor are obtained only in the special condition of noise 
matching, which are not always possible to satisfy due to additional design constraints. The 
effective noise factor is then higher than the minimum noise factor and can be expressed in 
terms of the noise parameters and the actual source conductance and susceptance by (13.26). 
For a given operating frequency, it is interesting to know above which value of the source 
impedance the contribution of the induced gate noise to the effective noise factor starts to 
dominate over the contribution of the drain noise. To derive this condition, we will assume that 
the noise matching condition is only fulfilled for the imaginary part of the source admittance 
Bg. In this situation, the actual noise factor is obtained by setting B, = Bop in (13.26) resulting 
in 


Ry 2 
F = Fmin + GG = Gopt) . (13.93) 


In this calculation, we are actually more interested in the ratio of the noise added by the 
amplifier to the noise coming from the source N,/N, which is simply given by F — 1. Using 
the noise parameters given in (13.91) results in 





Gs 2 w 2 Gm 
F-1= rog- t Buc — Dl) G.’ (13.94) 


where the first term is due to the drain noise, whereas the second originates from the induced 
gate noise. Equation (13.94) is plotted versus Gm/Gs in Figure 13.12 for an operating fre- 
quency w/a, = 0.224 (leading to Gm/Gop = 10). We can clearly identify the contribution 
of the drain noise which decreases with respect to Gm/ Gs and that of the induced gate noise 
which increases with respect to Gm/ Gs. Both contributions are equal for Gs = Gop for which 
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Figure 13.12 Noise added by the common-source amplifier normalized to the source noise versus 
the source resistance normalized to the transistor transconductance for an operating frequency w/a, = 
0.224 


F = Fyin. The drain noise dominates over the induced gate noise for Gm/Gs K Gm/Gopt, 
whereas the induced gate noise dominates over the drain noise for Gm/Gs >> Gm/ Gop. For 
Gs = 1/50 27! and w/a, = 0.224, the transconductance needs to be larger than 200 mA/V 
for the induced gate noise to dominate. This is a rather large transconductance and hence in 
most practical cases, the Gm/ Gs ratio is smaller than Gm/Gopt and therefore it is usually the 
drain noise that actually dominates. 

We can also find the frequency wig, at which the induced gate noise is equal to the drain 
noise for a given source conductance Gs, by simply equating the first and the second term of 
(13.94) and solving for w. This results in 


ign n s 4 s s 
O yD Gs ~ E Gs wo 94 Gs (13.95) 
Wt bnc (l a c?) Gm 3 3 Gm Gm 


where n = 1.3 has been used. We see from (13.95) that the frequency wign at which the induced 
gate noise contributes as much as the drain noise is a fraction of the transit frequency œ, which 
is inversely proportional to the Gm/ Gs ratio. 

The above discussion somehow mitigates the importance of the induced gate noise in the 
case of practical designs such as LNAs because the noise matching conditions are seldom 
achieved due to other design constraints. Nevertheless, it remains an important contributor to 
the minimum noise figure, which represents the ultimate noise figure that can be achieved by 
a given device at a given frequency and for a given bias. 

The previous analysis was based on a very simple small-signal equivalent circuit of a 
common-source amplifier that considered only the drain noise and the induced gate noise. 
Additional noise sources will be considered in the next section. 
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13.3.2 Equivalent Circuit Including Induced Gate Noise, Drain 
Noise, Gate and Substrate Resistances Noise 


The above analysis was based on a very simple equivalent circuit that ignored the noise coming 
from the gate and the substrate resistances. The equivalent circuit accounting for these two 
additional noise sources is shown in Figure 13.13. Note that, in order to keep the analysis 
simple, the output conductance, the gate-to-bulk and bulk-to-source capacitances as well as 
the source and drain access resistances have been ignored. Also, even though the intrinsic gate- 
to-drain and bulk-to-drain capacitances are zero in strong inversion and saturation, the overlap 
and junction capacitances would remain. They will also be ignored for the sake of simplicity. 
Since the circuit is acommon-source amplifier, it has its source tied to the ground. On the other 
hand, because of the substrate resistance, the intrinsic bulk is not at the ground. In this situation, 
itis better to use the combination of gate and bulk transconductances driven by the small-signal 
voltages A Vgs and A Vgs respectively instead of gate and source transconductances driven by 
voltages A Vcg and AVsp. The two circuits are equivalent since the small-signal drain current 
(ignoring the drain noise current) can be written as 


Alp = Gn AVop — GmsAVsp = GmAVes + Gm A Vgs, (13.96) 


where Gmb = Gms — Gm = (n — 1)G nm is the bulk transconductance. The noise of the substrate 
resistance Rg is modeled by a current noise source generating a Vgs voltage across Rg which 
is transmitted to the drain by the bulk transconductance Gmb. 

We will not detail the calculation of the noise parameters Ry, Gi, Ge, and Be of the equivalent 
noisy two-port network of Figure 13.13. They can be obtained following the same procedure 
used in Section 13.3.1, which leads to 





Yad 

Ry = Dy, 13.97 
Gn ( a) 

2 

Gi = “P(o Cas) An = yaDGm( 2) An, (13.97b) 

Gm Or 
2 An 
G. = Re(@ Ces) D’ (13.97c) 
By 
Be = w Cos —, (13.97d) 


Dy 








Figure 13.13 More accurate equivalent circuit of the common-source amplifier of Figure 13.11(a) 
with the gate and substrate resistances in addition 
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where 


D, = 1+ap+ag+ (Roo Cos) An 











(2y? 
= 1 + ag + aG + (Yn aa)? (2) An, (13.98a) 
t 
eA ies 2g Pa (13.98b) 
YnD YnD 
Ba 1 + a8 — cg baa (13.98c) 
Yad 


dg and ap are the thermal noise contributions of the gate and substrate resistances respectively, 
normalized to the thermal noise of the drain: 





Gm R 
pp. (13.99a) 
YnD 
G2,.R —1y 
yg, a RY a (13.99b) 
Yao Gin Yond 


The noise parameters Gop, Bopt, and Fmin can then be calculated from Ry, Gi, Gc, and Be, 
resulting in 


AnD, — B2 

Gop = @ Cos, (13.100a) 
By 

Bopt == Cop (13.100b) 


2. 
Frin = 1 + 2yo —4/ Ay = B2 + Dy ie (2) An 
Or Wt 
= 1+ 2yab A — B2. (13.100c) 
a 


In a typical situation, the relative contributions of the gate and substrate resistances are 
dg ~5% and ag © 20% [48,49,52]. Using values of parameters yap, Bag, and cg given above 
for strong inversion with n = 1.3 leads to Ay © 1.1 and B, © 1. Assuming further that w/a, = 
0.1 allows to neglect the frequency-dependent part of Dy: 


Dit ap + go Z 1.25. (13.101) 


The four noise parameters can then be approximated by 





R, = 1.25 “r, (13.102a) 
Ga e oa Cos (13.102b) 
Bol 20.8009, (13.1020) 
Prip S, (13.102d) 


a 
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Figure 13.14 Comparison between the measured, simulated, and the analytical results for the four 
noise parameters 


The noise parameters derived above are compared to those measured on an N-channel device 
with Nf = 10, Wç = 12 um, and Lẹ = 0.36 um biased in strong inversion and saturation. The 
noise parameters have been carefully de-embedded using the methodology presented in [155]. 
They are plotted in Figure 13.14 and compared to the results obtained from simulation using the 
complete subcircuit of Figure 11.9(c) with the additional induced gate noise source added to 
the subcircuit (but not accounting for the correlation between induced gate noise and drain 
thermal noise). Also, plotted in dashed lines in Figure 13.14 are the results obtained from 
(13.102). The dashed-dotted line corresponds to (13.102) without accounting for the gate-to- 
drain correlation pgp by setting cy to zero. The discrepancies between the analytical and the 
measured results mainly come from a wrong frequency behavior due to the extremely simple 
equivalent circuit used for the analytical derivation. Nevertheless, the simple approximation 
given by (13.102) already gives a reasonable estimation of the minimum noise figure and of 
the other noise parameters. 
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pinch-off, 22, 25, 145, 147, 159 
Power spectral density (PSD), 81 
of drain current, 87 
Pseudo-resistor, 33, 49, 165 


Quad configuations, 125 
Quasi-Fermi potential, 10, 14, 34 
Quasi-static 

frequency, 65, 66, 275 

time constant, 65, 75, 92, 275 

small-signal circuit, 76, 92, 249 


Random fluctuations 
of carrier velocity, 81, 83 
of carrier density, 81 
Resistance 
access, 213, 215, 216-219, 247 
gate, 14, 213, 217, 247, 252 
source, 213, 215, 287 
drain, 102, 213, 215, 217, 226 
substrate, 214, 226, 243—246 
salicide, 215 
via, 215, 218 
contact, 215 


Sample-and-hold, 92 
Saturation 
forward, 36, 40, 42, 54, 60, 70 
reverse, 36, 53, 60, 70, 71 
Saturation mode, 36, 40 
forward, 36, 40, 42, 54, 60, 70 
reverse, 36, 53, 60, 70, 71 
Saturation voltage, 36, 42, 66, 173 
Scattering 
mechanisms, 96, 115, 134 
due to acoustic phonon, 115 
due to ionized impurities, 115 
Short-channel effects, 48, 131, 167—212 
Silicon dioxide, 9, 161 
Slope factor, 21, 23, 25, 162 
charge, 153, 162 
evaluation of, 29-31 
voltage, 152 
Source-drain extension, 215 
Space charge regions, 51 
Spacer, 216, 220 
Spatial correlation, 109, 125 
Specific conductance, 57, 119, 154, 219 
Step profile, 141-144, 148, 225 


Strong inversion, 17, 232-234, 239, 252 
charge approximation, 20, 21, 27, 155 
current approximation, 41, 194 

Substrate modulation factor, 21, 116, 140, 159 

Substrate network, 214, 242-247, 249 

Subthreshold mode, 37 

Surface 
electric field, 11, 47, 49, 144 
potential, 11, 17, 21, 23, 38, 52, 189 

Symmetry, 46, 68 
source and drain, 9, 56 


Temperature 
absolute, 10, 87, 112 
effects on transistor, 111—120 
noise, 202 
carrier, 202 
lattice, 203, 205 
Temperature coefficient of 
Fermi voltage, 114 
extraction voltage, 115 
threshold voltage, 117 
inversion charge, 117, 120 
specific current, 118 
transconductances, 119 
Thermal noise 
conductance at the drain, 87, 203 
excess factor, 89, 90-91, 93-95, 206-212 
parameter, 81, 89, 90-92, 206-212 
voltage variance, 95 
short-channel, 197—212 
Threshold 
function, 13, 21, 22, 27, 29, 116, 138, 140, 142, 
150 
voltage (at equilibrium), 28 
Threshold function, 21 
Transadmittance 
drain, 66-68 
source, 66-68 
gate, 66-68 
Transcapacitances 
gate, 75 
drain, 74 
source, 74 
Transconductance 
bulk, 288 
drain, 56—60, 62, 136, 154 
gate, 56, 197, 234, 288 
source, 56, 60, 154, 183, 201, 234 
effective, 216 
intrinsic, 216 


Transconductance-to-current ratio, 62, 183 
Transducer gain, 237 
Transfer parameter, 34, 40, 118, 121 
Transistor 
bipolar, 12, 37, 45, 229 
extrinsic part, 9, 131, 213, 214, 227, 231 
intrinsic part, 9, 61, 66, 213, 214 
schematic cross section, 10 
symbols, 12 
Transit frequency, 55, 66, 232, 233, 234, 235, 
239, 268, 287 
peak, 234 
Transit time, 239, 240 
total, 239 
of intrinsic part, 239 
of extrinsic part, 239 
Trapping, 96, 98, 100 
Tunneling, 98 


Unilateral power gain, 236, 237 
Unity gain transit frequency, 233 


Velocity 
Saturation, 86, 167, 168, 171, 177, 232, 235 
saturation region, 186, 187 
drift, 167, 168, 173 
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Velocity-field models, 169-171 
Voltage 
channel length modulation, 60 
drain, 10, 33, 35, 36, 38, 42, 56, 60, 170, 171 
gain, 61, 64, 167, 197, 198 
gate, 10, 17, 18, 23, 25, 27, 32, 35, 40, 50, 143, 
150, 153 
pinch-off, 3, 25, 32, 35, 36, 43, 135, 180, 211 
intrinsic, 216 
saturation, 37, 44 
source, 10 
thermodynamic, 10, 83 
channel, 9, 14, 19, 23, 25, 26, 77, 83, 116 
flat-band, 17, 49, 50, 52, 114, 221 
band gap, 112 
extrapolated band gap, 113 
avalanche breakdown, 224 


Weak inversion, 17, 18, 20, 26, 30, 36, 39 
current approximation, 43—45 

Well 
perimeter, 226 
area, 226 


Y-parameters, 234, 237, 243, 249, 251, 252, 253, 
255, 261, 263, 265, 273 


